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SUMMARY 
Contacting interfaces moving in a back and forth way relative to each other at high 
temperature is found in mechanical systems like internal combustion engine, aerospace 
propulsion system, energy generation system and metalworking equipment. The working 
temperature for components in such mechanical systems, for example, pivot-vanes/ring in 
variable geometry turbocharger (VGT, also called variable-nozzle turbine, VNT) for diesel 
engines can vary from ambient temperature to 700℃, and even higher for gasoline engine. 
Materials selection for low friction, low wear in high temperature applications is a complex 
problem because of the many influence factors and coupling effects especially when 
friction and wear control methods like lubricating cannot be used. 
It was found that a compacted and sintered wear protective layer, namely “glaze layer” can 
be formed in many Co, Ni and Fe alloys under certain circumstances, and it is possible to 
take advantage of glaze layer formation to reduce friction and wear at high temperature. 
The dissertation is aimed for better understanding of glaze layer and its role in severe-to-
mild wear transition, and utilize this knowledge to push forward development of practical 
methodologies to build a robust high temperature wear map that benefits high-temperature 
tribo-pair design. 310S austenitic stainless steel is chosen as a sample system to generate 
temperature-frequency wear mechanism map. This map covers considerably large 
temperature and frequency in its working condition than has previous been considered. It 
has been found that the environmental temperature plays the overall dominant role in 
determination of the wear mechanism, although in the transition zone, a coupling effect 
between temperature and frequency has been observed. The experimental data was also 
 xix 
used to validate the applicability of a newly proposed critical cycle (𝑁𝐺𝐿) model for glaze 
layer formation.  
In addition, we propose a novel way to understand the role of glaze layer using computer 
vision algorithms. Two workflows, one for quantitative glaze layer identification and the 
other for image alignment, have been developed. For glaze layer identification, we used 
computer vision concepts that considers the color and reflectiveness of glaze layer under 
optical microscope (OM).  For image alignment, we developed a strategy to conduct pixel-
to-pixel alignment of images acquired by multiple techniques (e.g., OM, scanning electron 
microscopy, 3D optical profilers) with sub-pixel error. As such, the correlation between 
the height map and locations of the glaze layer within the wear scar can be readily 
determined. The proposed methodology is applied to analysis the worn surface of 310S 
after high temperature fretting test, and the glaze layer is found to always occupy relatively 
high locations within wear scar. With temperature rise, the projected coverage of glaze 
layer follows the same increasing trend with three distinguishable stages, and the threshold 
temperature of the three stages matched with severe-to-mild wear transition. These results 
provide evidence that severe-to-mild wear transition resulted from spreading of glaze layer 




CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Contacting interfaces moving in a back and forth way relative to each other in mechanical 
systems operating at high temperature are challenging to design because the friction and 
wear mechanisms depend on several parameters[1]. Besides the two material couples and 
their elemental composition, other parameters include temperature, amplitude and 
frequency of the sliding displacement, normal pressure, contact configuration, gaseous 
environment (e.g., oxygen partial pressure), number of cycles, and the path dependence of 
the cycling can also play a role[2].  For example, the reactivity of the interfaces increases 
with temperature resulting in formation of oxides and other compounds, depending on the 
gaseous environment, that change the behavior of the surfaces.  The normal force and 
frequency of sliding amplitude influences the rate of these changes.  In addition, the 
mechanical strength of the material decreases with increasing temperature lowering the 
threshold for inelastic deformation in the surface layers.  These changes in properties are 
coupled with an increased propensity for asperities of the interface to temporarily weld 
(i.e., friction welding) and then break from plastic shear deformation.  It is necessary to 
understand which mechanism will likely be operating under a set of conditions to correctly 
predict the behavior of the interface when designing it. 
These interfaces are found in internal combustion engines, aerospace propulsion system, 
energy generation systems, metalworking equipment, as well as many other mechanical 
machineries used in manufacturing processes[3–5]. Examples of components include inlet 
valve and seat insert, heat exchange tubes and their supports, turbine blades in their fitting 
 2 
to the discs, and pivot-vanes/ring in variable geometry turbocharger (VGT, also called 
variable-nozzle turbine, VNT). For pivot-vanes/ring system specifically, because it is a 
moving part exposed to the exhaust gas flow, its working temperature for diesel engines 
varies from ambient temperatures (initial start of vehicle) to 200°C (no load, coasting) to 
700°C (100% load – high RPM)[6], and even higher for gasoline engines. In such high 
temperature environment, traditional friction and wear control methods used at low 
temperature, such as lubricating, is often inapplicable due to degradation or difficulties in 
replenishment. Therefore, it is critical to understand the high temperature performance of 
the contact interface in unlubricated condition, referred to as dry sliding. 
Figure 1-1 presents the normalized wear performance data for various metallic material 
couples that we collected for industrial sponsors for material screening purpose. All 
material candidates presented were tested at two temperatures:  a moderate temperature( 
200-400°C) and a high temperature (600-800°C). The choice of the two temperature were 
the same and pre-defined, and the rest of the testing parameters were kept the same. The 
top candidates that show low friction low wear in the screening will be further examined 
in component tests. Such procedure is a normal practice for material selection in industry. 
However, the top ranked material candidate in the material screening database does not 
always perform well in component tests, suggesting that the two pre-defined testing 
temperatures may not be representative for wear performance at the working condition for 
all materials, and the results collected may not be sufficient enough to make good material 
selection decisions. Without fundamental understanding in wear mechanisms at elevated 
temperature, the knowledge learnt through collecting material screening database will be 
case specific and poorly transferable.  
 3 
 
Figure 1-1 Normalized wear performance of several material couples at different 
environmental temperature. The testing results of the same material couple are 
connected by line. 
Material selection is severely restricted to fulfill the complete performance requirements 
such as low friction, oxidation resistance for long term use, creep resistance and high 
strength to maintain shape, while maintaining reasonable cost. Materials that readily form 
passivation layers when exposed to oxygen, e.g., stainless steels and aluminum alloys, are 
a form of seal-healing materials.  However, under contacting loads, it is not always clear 
how these layers behave since the layers may either degrade or become more robust (i.e., 
thicker).  It is possible to take advantage of the oxidation process occurring at high 
temperature under some material combinations and environmental conditions where a 
smooth, compacted wear-resistant layer, termed ‘glaze layer,’ can be formed. A distinct 
severe-to-mild wear transition with increasing temperature is observed in many Co, Ni, 
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and Fe-based alloy.  The glaze layer formation at contact interface turns out to be the major 
reason for this wear mode transition. 
Wear mechanism maps are the one of the best approaches to visualize and understand the 
complexities of the coupling effects among all of these parameters. The functional 
relationships with physical parameters representing the boundaries between mechanisms 
can be used to determine how different material couples, test conditions, and contact 
configurations can be unified and compared. A series of wear mechanism maps provide a 
multi-dimensional graphical presentation of wear data showing where wear mechanisms 
are operating to help support engineering of these moving interfaces in mechanical 
systems. 
This work focuses on interfaces under low amplitude back and forth motion. If the 
amplitude is sufficiently large that contact area at two extremes of the cycles do not overlap, 
it’s called “reciprocating sliding”. Otherwise, if there is overlap in the contact area, the 
term “fretting” is used[7]. The study is carried out with a unique high temperature fretting 
and reciprocating sliding test system (DN55) with unlubricated like-on-like cylinder on flat 
configuration. The work will explore the behavior of austenitic stainless steels which are 
commonly selected for high temperature applications.  In particular, grade 310/ 310S, 
designed for high temperature applications due to its greater amounts of Cr and Ni (25 and 
20 wt. %, respectively) than other austenitic stainless steels is chosen to be the major 
material system in this work. 
Austenitic stainless steels are a widely used metallic material group for its high strength, 
ductility and excellent corrosion resistance. Grades like 309, 310/310s, and 314 which are 
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rich in chromium are typically selected for high temperature applications. They are relative 
low cost compared to special alloys containing even more Ni, Cr or Co, and the possibility 
of recycle make it preferable in many industrial applications under severe work conditions, 
such as rotor blades, shafts and nozzles in internal combustion engines. Of these grades, 
Type 310/310S is the most commonly used and therefore is a great candidate for clearly 
establishing fretting wear maps. 
This dissertation is aimed for better understanding on kinetics of glaze layer formation and 
retention, and shed light on practical methodologies for the materials selection and contact 
surface design for unlubricated high temperature fretting and reciprocating sliding contacts 
with the help of wear mechanism map.  
1.2 Thesis statement and thesis scope 
The research outcome of this thesis is to support the following thesis statement: 
Improved understanding of glaze layer and its role in severe-to-mild wear transition is a 
key contributor towards an engineering methodology of building a robust high temperature 
wear map that benefits high-temperature tribo-pair design. 
The thesis scope is as follows: 
Chapter 2 presents a literature review to describe the current understanding on high 
temperature wear mechanisms and the severe-to-mild wear transition that can occur at 
higher temperatures.  
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Chapter 3 gives introduction of the experimental set-up as well as materials used in this 
work.  
Chapter 4  presents the best practice towards generating a temperature-frequency wear 
mechanism map for 310S stainless steel with available experimental resources.  
Chapter 6 presents an improved understanding of glaze layer properties utilizing computer 
vision concepts. A novel quantitative and robust glaze layer identification criterion has 
been developed and tested, and pipelines has been developed to align multi-spectrum 
information that reveals the preferable location of glaze layer within wear scar. 
Chapter 7 concludes the work by summarizing all the findings from the thesis and 
suggested possible directions of future work for studying glaze layer and constructing wear 
mechanism maps. 
1.3 Significant Contributions 
This research provides a complete methodology for wear map generation, interpretation 
and improvement that can benefit material wear couple screening, selection, and design. A 
demonstration of applying this methodology to construct a temperature-frequency wear 
map for 310S/310S cylinder-on-flat fretting system is presented. Presently, a high 
temperature fretting wear map does not exist for this tribological couple.  A high quality 
tribological data set with good repeatability has been collected to systematically study the 
effect of environmental temperature and frequency on the wear performance for 310S, and 
provide direct experimental evidence for the temperature-frequency coupling effect 
associated with a severe-to-mild wear transition.  
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A notable contribution of this work is developing quantitative descriptors that promote 
standardization and automation of wear and tribological data analysis. In this work, we 
proposed a quantitative glaze layer identification criterion that enables fast, accurate, and 
automatic glaze layer identification from an optical image. In addition, the evolution of the 
coefficient of friction (COF) is represented with a sigmoid function using four fitting 
parameters. Those efforts provide fundamental solutions to improve the efficiency and 
repeatability of wear data analysis that has been heavily been heavily qualitative in the past, 
and enhance the transferability between wear and friction databases.   
Lastly, a novel, open-source workflow that fuses characterization results from multiple 
tools has been developed using computer vision concepts and algorithms. Together with 
the glaze layer identification criterion, this tool reveals new knowledge of the glaze layer 
regarding its preferable location within the wear scar. It is a powerful tool that enables 
multi-spectrum analysis without upgrading existing characterization tools, which is not 
only beneficial for the tribology community, but also is easily transferable to all other 
applications in academia and industry.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Classification of wear mechanisms 
The simplest way to classify wear is probably by the level of friction force and wear 
volume. Severe wear (high friction, high wear volume loss) and Mild wear (low friction, 
low wear volume loss) can be identified experimentally[8]. Intuitive and simple as it is, 
this classification of wear type doesn’t tell much about the mechanism that leads to the 
level of friction and wear volume loss. 
Considering the wear rate (material loss per sliding distance), coefficient of friction, worn 
surface morphology and the nature of wear debris,  four general type of wear mechanism 
(schematic in Figure 2-1) can be identified as below[9]: 
1) Abrasive wear – in which material is removed by hard asperities on the counterface 
(termed two-body abrasive), or hard particle, often large granular wear debris, on 
the contact interface (termed three-body abrasive). Large hardness difference and 
irregular shape of the asperities or particles accelerate the material removal rate. 
Abrasive wear can take place via plastic deformation and brittle fracture, and it is 
characterized by groove marks on the worn surface[10]. 
2) Adhesive wear – in which material is removed by broken of local welds or 
plucking of materials between contact surfaces. Material couples that have higher 
mutual solubility or compatibility (e.g., like materials) are more likely to undergo 
adhesive wear[11]. High temperature and high pressure promote local welding and 
thus is favorable for adhesive wear [12]. Adhesive wear is also more likely to take 
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place in inert environment since oxide layer or particles will interfere with local 
welding by separating the surfaces and increasing the energy bar required for 
welding. 
3) Fatigue wear or delamination wear – in which damage is done by cyclic 
stressing. According to Suh’s delamination theory [13], dislocations are rapidly 
built up in the surface and subsurface layers undergoing deformation and plastic 
flow during wearing process. While dislocations close to the surface are able to 
move and be released, the dislocations beneath wear surface/track are less movable 
and build up in highly deformed layers. This leads to subsurface cracks that run 
parallel to the surface. With the propagation of the cracks, the thin surface layer 
become unstable and is pulled off as plate-like wear debris. 
4) Corrosive wear – in which corrosion product (rust or film) are assumed to form 
though a tribo-chemical reaction between the contact surface and corrosive 
surrounding media, such as air or acid gas. Depending on the nature of corrosion 
produce and the fretting condition, a cycle of “fresh surface exposure and corrosion 
— corrosion product removal” may occur. Oxidational wear falls in this category 
where the “corrosion product” is an oxide tribofilm or oxidized debris. Under some 
circumstances these oxidized third bodies (oxidized debris or broken pieced of 
tribofilm) may be retained at the contact interface and form a wear-resistant “glaze 
layer” that leads to a markedly reduced wear rate, but in some other circumstances 
the oxidized third body may act as abrasive particles and lead to severe wear[14]. 
The duo effect of oxidational wear will be discussed in the following chapters. 
 10 
 
Figure 2-1 Schematic image for the four wear mechanisms: a) Abrasive wear in 
cutting mode of ductile bulk surface; b) Adhesive wear by adhesive shear and 
transfer, c) Fatigue wear by subsurface crack initiation and propagation; d) 
Corrosive wear by shear fracture of ductile tribofilm. The arrow shows sliding 
direction.[15] 
Besides the four general types of wear mechanisms listed above, there are many other wear 
mechanisms proposed for even more extreme conditions. One such example is “melt 
wear”, where a melting zone is formed due to high frictional heating or the extreme 
working environment, and spherical wear particles and unique surface morphology are 
expected. However, this type of wear is less common in general tribo-elements in most 
high temperature industrial applications and not considered as a dominant steady wear 
mode [16]. 
2.2 Temperature-dependent severe-to-mild wear transition 
The surface alternation and wear between unlubricated metallic contact interfaces in 
fretting and reciprocating sliding has been studied and described with different theories. At 
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room temperature, a near-surface plastically deformed and recrystallized layer with 
ultrafine microstructure can be observed and was named as Tribologically Transformed 
Structure (TTS) , or sometimes called white etched area[17]. If the deformed structure is 
crushed into particles and mixed with counterparts debris, a Mechanically Mixed Layer 
(MML) is formed[18]. In general, MML is observed at lower temperatures. With increasing 
of ambient temperature, oxidation reaction of debris become more favorable in oxygen-
containing atmosphere, and oxidational wear starts to dominant. Under certain fretting 
conditions, a wear-resistant third body called “glaze layer” can be formed[19], which leads 
to a severe-to-mild wear transition. 
 
Figure 2-2 Worn surface SEM of Ni-based alloy at 250°C reciprocal sliding test : a) 
Zoom in image of wear surface after first 100 min, showing aggregated and as-
compacted debris; b) apparent large compacted glaze layer and surrounded fine 
debris upon finish of the test. [20] 
In 1970s, Stott et al. studied the effect of elevated ambient temperature on friction and wear 
behavior of some steels and Ni based alloys[21–24], where a severe-to-mild wear transition 
was observed with increasing temperature. The term “glaze layer” was then introduced to 
describe the smooth wear-protective tribolayer formed and adhered on contact area that 
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reduced friction and wear. A typical morphology of glaze layer can be found in Figure 2-2. 
Since glaze layer has superior mechanical properties compared to the bulk substrate (higher 
hardness[25], better ductility[26]), stabilized glaze layer can protect the substrate from 
further wear. Surface characterization before (Figure 2-2) and after (Figure 2-2) glaze layer 
formation indicated that glaze layer may result from compacted and sintered oxidized wear 
debris, and such process is also referred to as “tribo-sintering”[20,27]. 
The temperature dependent severe-to-mild wear mode changes are widely reported and 
discovered in many tribo-interfaces interfaces (metal-metal and metal-ceramic) and contact 
configurations, and the formation of ‘glaze layer’ is often shown to be the major reason of 
the friction and wear drop with increase of temperature [22,28–36]. One general pattern of 
this severe-to-meld wear transition can is shown in Figure 2-3, where the coefficient of 
friction ( COF ) and wear volume versus temperature (T) curve can be divided into three 
domains separated by two characteristic temperature: T1 (the temperature for maximum 
wear volume loss), and T2 (the temperature beyond which wear loss is negligible)[36]. 
Domain I (T< T1): Severe wear domain. This domain is characterized by high COF as 
well as wear volume loss. In this temperature range, the wear debris tends to be ejected 
from contact surface and leads to severe wear. While the glaze layer is not yet activated in 
this temperature range, the debris may be oxidized and leave typical abrasive grooves upon 
ejection since oxide typically has higher hardness then the bulk (see top row of Figure 2-3 




Figure 2-3 a) Example of severe-to-mild wear transition for wear volume loss and 
steady state coefficient of friction as a function of temperature. Tests were conducted 
with Co-Cr alloy on Alumina cross-cylinder tribo system (normal force P = 50N, 
sliding amplitude δ*=± 20μm, frequency f=50Hz, cycle N = 200K). In this case no wear 
was detected on Alumina and the wear loss are only from Co-Cr counterpart. Typical 
temperature for domain I (100°C), II (250°C), and III (400°C) are cross-labeled in 
red; b) Comparison of the fretting scar morphology on Co-Cr ( optical, SEM and 
EDX) at typical temperature for each domain [36] 
Domain II (T1 < T <T2): intermediate domain, i.e. severe-to-mild transition domain, 
where a sharp decrease in COF and wear volume is observed. In this temperature range, 
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the debris become more cohesive due to metal diffusion, and thus stays longer at the contact 
surface to be crushed into nanoscale particles (see middle row of Figure 2-3). Those small 
debris particles are compacted but not sintered (at least not sintered until later cycles), thus 
the wear loss in this domain consists of a large contribution of the running-in abrasive wear 
in the early cycles (similar to domain I). This abrasive wear cycle portion in total cycle 
decreases with increase of temperature, thus a decrease in wear loss with temperature is 
observed in this zone. With the progression of glaze layer formation, the real time COF is 
also observed to gradually decrease and then stabilize at a low level. 
Domain III (T > T2): mild wear domain, where both wear volume and COF remain low. 
The high temperature in this range promotes a quasi-instantaneous formation of glaze layer 
in less than 5K cycles, and wear volume is almost negligible. Wear scars of tests in this 
domain are bright and smooth, and the compacted layer shows no distinguishable debris, 
which indicate completion of sintering (see bottom row of Figure 2-3). 
It is important to note that the phenomenon of decreasing friction and wear lost at higher 
temperatures occurs across many different material couples, although the magnitude of 
friction/wear and their reduction, characteristic  temperature T1 and T2, and specific trend 
of COF and wear versus temperature in domain I can vary depending on the material 
couples, test conditions and contact configuration [21,29,31,35,37].  See examples in 
Figure 2-4. Regarding the compositional influence, glaze layers are found to form with 
oxides that exhibit higher oxygen diffusivity [27,38,39]. As an example, under same 
fretting conditions at 600°C, a glaze layer formed at a Co/Co interface, but the oxides in 




Figure 2-4 Selected COF and volume loss as a function of ambient temperature 
reported in literature with their testing condition (normal force (P), displacement 
amplitude(∆), frequency (𝒇) and total cycle(N). Data digitized from source: a)304 
like-on-like line sliding [29]; b) low alloy like-on-like cylinder on flat fretting[30]; c) 
Ni-20Cr alloy like-on-like cylinder-on-flat reciprocating sliding[21]. Note how the 
characteristic temperature T1 and T2 and the wear behavior in domain I (T<T1) is 
different in each case and comparing to Figure 2-3. 
Many theories have been proposed to describe the severe-to-mild wear transition with 
temperature [14,27,40,41].To summarize, the temperature dependence of the severe-to-
mild wear transition may be explained by the following three aspects: 
1) Changing the oxidation/diffusion rate. Based on the tribo-sintering theory[36,42], 
the formation of glaze layer is a sintering process of oxide or oxidized debris to a 
certain thickness. The temperature-dependence of diffusion-controlled oxide scale 
thickening process follows the Arrhenius equation:  
 





where k is the oxidational rate, k0 is the Arrhenius constant, Ea the activation energy, 
R the ideal gas constant, and T the ambient temperature. Comparing to static 
oxidation, oxidation during wear (i.e., tribo-oxidation) is found to have similar Ea 
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but significantly different k0 [43,44]. The strong dependence of k0 is associated with 
the condition of the contact surface and subsurface voids/dislocations that are 
altered and progressed during the wear process.  
2) Altering the mechanical property of the bodies undergoing fretting and 
reciprocating sliding, and furthermore determines whether the third-body debris are 
retained (reduce wear)  or ejected (increase wear). With increasing of temperature, 
the adhesion energy between fine debris are increased, and the bonded debris are 
more likely to be retained to develop a protective glaze layer[20,45]. The softer 
metal two-body at high temperature also promote retention of the debris[46]. On 
the other hand, the perfect ductile behavior of glaze layer at high temperature also 
enable it to protect the substrate[26]. 
3) Determining the stoichiometric oxide that one metal may produce. For example, 
the element Fe, the main chemical component of steel, the dominant oxide formed 
at temperature lower than 200°C is α-Fe2O3. At 200°C-500°C, Fe3O4 becomes the 
main type of oxide. Above 500°C, additional FeO can be formed[35]. Given that 
T1 temperature for many steel system is close 200°C, which happens to be the 
transition temperature between α-Fe2O3 and Fe3O4, many researchers have attribute 
the severe-to-mild wear transition to the increasing amount of Fe3O4 observed at 
the interface[29,47–49], and explained that Fe3O4 can form a more protective oxide 
layer because of its lower hardness (thus less abrasive wear) and better adhesion to 
construct a stable compacted debris bed[50,51]. However, it has been observed in 
other works that a stable glaze layer can be formed with artificially fed α-Fe2O3 
particles[27,52], and 400°C tribo-test produced Fe3O4 did not generate protective 
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oxide layer successfully at higher load because the bulk body (tempered sorbite) 
was too soft[53]. It may then be concluded the role of the specific type of oxide 
relies on the testing condition as well as the properties of the two bodies, and thus 
the temperature’s role in severe-to-mild transition through oxide type determination 
remains ambiguous and not conclusive yet. 
While the studies mentioned above dived deep in why temperature can play an important 
role in severe-to-mild wear transition, few of them reached to a quantitative wear law to 
predict wear transition and its associated critical temperature for glaze layer initiation and 
stabilization, T1 and T2. Besides, the test condition dependence (normal force, amplitude, 
frequency) on T1 and T2 is not clear. 
Very recently, a critical cycle (𝑁𝐺𝐿) model was proposed based on a series of cross-
cylinder fretting experimental results of Co-Cr alloy/Alumina tribo pair. The apparent 
criteria for glaze layer formation is sufficient number of fretting cycles, i.e. 𝑁 > 𝑁𝐺𝐿. The 
critical cycle, 𝑁𝐺𝐿 is a function of both fretting parameters (frequency f, sliding amplitude 
𝛿∗), environmental parameters (ambient temperature T), and intrinsic material properties 
(sinter parameter 𝑆𝐺𝐿  and oxidation activation energy 𝐸𝑎) . This model also assumes 









Since cycle is equivalent to time for a fixed frequency, knowing that glaze layer is a tribo-
sintering process, this equation is essentially equivalent to a sintering rate (𝑆𝐺𝐿) critera.  
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According to this model, increasing temperature, increasing sliding amplitude, or 
decreasing frequency will lead to decrease in  𝑁𝐺𝐿, and thus faster glaze layer formation. 
The wear mechanism boundary between oxido-abrasive wear and glaze layer response 
wear determined by the 𝑁𝐺𝐿 model is demonstrated in Figure 2-5. 
 
Figure 2-5 A demonstration map of glaze layer formation when temperature varies 
based on 𝑵𝑮𝑳 model for Co-Cr/Alumina cross-cylinder tribo pairs. Map constructed 
with data shown in Fig 2.3 (P = 50N, f = 50Hz, δ* = ±20µm).[54] 
This model also brings in deeper understanding on the severe-to-mild transition with 
increasing temperature shown in Fig 2.3 (a), and the essence of the two characteristic 
temperatures -- T1 and T2. That is: 𝑁𝐺𝐿 decreases with increasing of temperature, and the 
total wear volume loss is mostly contributed by abrasive wear of the cycles before 𝑁𝐺𝐿 is 
achieved. In domain I,  𝑁𝑡𝑜𝑡 < 𝑁𝐺𝐿 ,  no glaze layer will be formed and oxido-abrasive 
wear, which leads to severe wear loss, will happen though out the complete process. For 
domain II,  𝑁𝑡𝑜𝑡 > 𝑁𝐺𝐿 ,  glaze layer activation will happen before the end of the test, and 
thus the oxido-abrasive wear will only take place for 𝑁𝐺𝐿 cycles, and minimal increment 
in wear beyond that cycle due to glaze layer production. In this domain, the higher the 
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temperature, the smaller the 𝑁𝐺𝐿, and thus the less the wear volume. In domain III, T > T2,  
𝑁𝐺𝐿 is sufficiently small compared to 𝑁𝑡𝑜𝑡,  hence, the glaze layer will start functionalized 
at early stage of wear, and the wear behavior is controlled by the performance of the glaze 
layer. In summary, the two characteristic temperatures, T1, and T2, are the critical 
temperatures at which 𝑁𝐺𝐿 ≈  𝑁𝑡𝑜𝑡, and 𝑁𝐺𝐿 ≪  𝑁𝑡𝑜𝑡, respectively. Here we define T2 as 
the temperature when 
𝑁𝐺𝐿
𝑁𝑡𝑜𝑡
 = 0.1 to have a precise value of T2. 
It is worth noting that the “temperature” discussed here and the cited works is mostly 
environmental or ambient temperature since it’s easier to measure. However, rigorously 
speaking it is the temperature at contact interface that brings in “temperature-dependence” 
on wear. In fact, the fretting process itself can induce local temperature rise at the contact 
as a result of the dissipation of the friction power[55,56]. Dissipated energy is a function 
of many parameters. Unlike parameters like load and sliding amplitude whose variation 
influences dissipative is complicated and hard to quantify, frequency’s influence in 
dissipative energy is simply linear[57], and thus studying the frequency as the other major 
parameter is convenient to segment fretting induced temperature rise. The fretting-induced 
(or dissipative energy induced) temperature rise at contact as a function of frequency will 
be discussed more in detail in 2.3. 
2.3 Role of frequency in fretting wear 
The cyclic frequency in fretting and reciprocating sliding has been found to be another 
important parameter that influences the wear rate and mechanism of wear. Generally, 
increasing frequency has been found to reduce wear rate, especially at lower temperature 
[58–60]. The role of frequency is closely related to the kinetics of oxide debris formation. 
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One direct evidence is provided by Uhlig and co-workers[58]. In their work, a 58% 
reduction in wear rate was observed in steel/steel tribo-pair’s contact by increasing 
frequency from 1Hz to 50Hz, yet this effect disappeared when conducting the same test at 
inert atmosphere,  providing evidence that the frequency effect is associated with the 
formation of oxides or other corrosion/reaction products [59]. The role of frequency in 
friction and wear can be addressed both in terms of time and its influence on increasing 
temperature from Coulomb heating:   
(1) Frequency directly determines the interaction time between bodies and asperities 
in contact. The time of diffusion and oxidation of two bodies in contact and the 
third-body debris will influence formation and stability of glaze layer, which 
eventually influence friction and wear. For fretting or reciprocating test, the time to 
finish one cycle, t  is inversely related to frequency: 
 





The higher the frequency, the shorter the time for each cycle, and for a fixed number 
of cycles, a shorter period of wear.  A short interpass time per cycle brought by 
high frequency may be beneficial or detrimental, depending on the dominant wear 
mechanism happening at the interface, which is furthermore temperature-
dependent as discussed in 2.2. An interactive diagram shown in Figure 2-6 [57] 
illustrates the influence chain (from right to left) of temperature and frequency to 
surface damage. In this diagram, the plus (+)  and minus (-) sign before each item 
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in the diagram represent increasing (or enhancement) and decreasing (or 
diminution) effect respectively. At low temperature the severe wear domain 
(Domain I) where the dominant wear mechanism is abrasive wear, increasing 
frequency can suppress the formation of abrasive oxides and thus reduce surface 
damage. At higher temperature (Domains II and III) when glaze layer starts to form 
from stable debris bed, increasing of frequency reduces the time for oxidation 
between interactions of asperities in the contact, and thus does not encourage the 
formation of a protective glaze layer [2,54]. The role of frequency in NGL model 
addresses this time characteristic, and predicts a positive proportional relationship 
between frequency and critical cycle for glaze layer formation. From (2-2, the NGL 
model predited the number of cycles necessary to initiate glaze layer formation 
increases with frequency [36], although this judgement needs to be varified. 
 
Figure 2-6 Interaction diagram that links temperature and frequency with several 
main wear features to determine wear damage [35]. 
(2) Increasing frequency can also increase the temperature in the contact, which is 
beneficial for glaze layer formation. The fretting induced temperature rise, 
associated with the “flash temperature” and its conduction away from the 
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interaction [61], is a result of energy dissipated during fretting, and the dissipated 
energy is proportional to the oscillation frequency. If dissipative energy induces a 
temperature rise (as a function of frequency) is known, this part of influence from 
frequency may be converted equivalently to the influence of temperature.  
Since in-situ measurement of temperature at the contact is very challenging [49,62], 
analytical and numerical models are typically used to predict the flash temperature[61,63–
66]. Recently, Jin and Shipway conducted a finite element analysis to study the frequency 
dependence on the average temperature rise considering contact area change as well as the 
thermal property change at the interface of like metal due to the composed oxide [57]. This 
model provides a steady state solution, assuming a constant dissipated energy Ed during 
fretting as the only power input, and Carslaw and Jaeger’s solution of temperature rise on 
a semi-infinite space was applied [67].  If taking the center of contact in a cylinder on flat 
configuration as the coordinate origin, the temperature rises Δ𝑇 at point (x’, y’) can be 









[(𝑥 − 𝑥′)2 + 𝑦2]𝜌𝐶
− 𝛾} 𝑑𝑥                     (2-4) 
where 𝑝(𝑥) is Hertzian contact pressure, b the half-width of the contact, 𝛿  the sliding 
amplitude, µE, the dissipative energy coefficient (E-COF, defined as energy dissipated per 
sliding distance and load , more details in Section 3.3),  f  is the oscillation frequency, 𝜅 
the thermal conductivity, 𝑡 the time, 𝜌 the density, C the specific heat, and 𝛾 =  0.5772 
the Euler constant. The far end of the temperature rise predicted by Eq. (2-4) was further 
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confirmed experimentally by comparing it to measured temperature captured via a fine 
sheathed thermocouple attached in a hole parallelly underneath the fretting contact.  
The key simulation results for 304 stainless steel in like-on-like cylinder-on-flat fretting 
condition at 20Hz and 200Hz is presented in Figure 2-7. While simulating flash 
temperature and local temperature rise is beyond the scope of this project, there are some 
interesting takeaways relevant to this work: 
 
Figure 2-7 Temperature rise prediction for 304 like-on-like cylinder on flat fretting 
tests at 20Hz and 200Hz ( P =450N, 𝜟 = 𝟓𝟎𝛍𝐦, µE = 0.6) a):  Prediction of local 
surface temperature rise in contact after 100K fretting cycle as a function of distance 
from center; b)predicted origin ( x = 0)  temperature rise as a function of distance 
below the surface at 1000s for 200Hz test with inclusion of 5µm thick oxide layer with 
different thermal properties ; c-d) comparison of predicted temperature rise at the 
fixed origin with inclusion of a 5µm thick oxide layer with different thermal 
properties for 1000s.[57,68] 
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• As shown in Figure 2.7 (a), the centerline (x=0) is the highest temperature rise. For 
f = 200Hz, ∆T is predicted to be 70℃. ∆𝑇 drops with increasing of distance from 
the centerline. The rate of this drop is high near the centerline, but when distance is 
beyond 1.5mm,  ∆𝑇 is less sensitive to the distance. Based on the trend presented 
in Figure 2-7(a), the ∆𝑇 at 5mm away from the center of the contact is about 50℃, 
which is about 71% of the temperature rise at the contact center. 
• As shown in Figure 2-7(c) and (d), the majority of the temperature rise is achieved 
at the very beginning of the test. With progress of the test, the contact geometry 
evolves and the contact pressure is reduced, which brings down the dissipated 
energy per cycle and thus provides a lower heating power slowing down the 
increasing rate of ∆𝑇. 
• ∆T is propotional to dissipated energy. Considering the same duration (i.e., constant 
total time t) and same µE, the temperature rise is proportional to frequency f (as 
indicated in Eq.(2-4) and Figure 2-6(c-d)). It is thus possible to estimate 
temperature rise for a similar fretting system using this simulation result by simply 
scaling the dissipative energy, µE, and frequency difference. 
• As shown in Figure 2-7(b), the existence of Oxide layer will further increase ∆T at 
contact, because the low thermal conductivity prevents dissipation of frictional 
energy. The smaller the thermal conductivity of the oxide layer, the higher the ∆T. 
In experiment, however, a lower µE is expected after formation of glaze layer, 
which violate the original assumption that µE is constant, so this prediction may not 
be accurate.  
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2.4 Wear maps 
Wear maps are one of the best approaches to visualize wear mechanisms and their 
transitions at a range of given operating conditions (amplitude, frequency, normal force, 
etc.). Since the 1980s when they were introduced, this these maps have been widely 
adapted in tribology research for many material couples and test configurations[69–72], to 
support engineering of moving interfaces in mechanical systems, and to inspire wear 
modeling. 
A typical wear map consists of a two-dimensional space with different combinations of 
two independent parameters that can influence wear behavior, and a third-dimension 
(sometimes by color-coded[73], contour plot[72], or by different marks[52]) showing the 
level of steady-state wear performance (i.e., COF, wear rate, or volume or weight loss), 
whose transitional changes can imply a change in wear mechanism or wear mode. By 
changing the two independent parameters used, a series of wear maps can be generated, 
and provide a multi-dimensional graphical presentation of wear data. 
The functional relationships with physical parameters representing the boundaries between 
mechanisms can be used to determine how different material couples, test conditions, and 
contact configurations can be unified and compared. 
One of the most classic and well-known mechanism maps was developed by Lim and 
Ashby from 1980s to 1990s[72]. An example of one of their wear maps is shown in Figure 
2-8.  The two axes are dimensionless with normalized velocity ( ?̃?  = velocity*contact 
radius/thermal diffusivity) on one and normalized pressure ( ?̃?,  normal contact 
pressure/surface hardness) on the other. The wear performance indicator is the normalized 
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wear rate (𝑊,̃ volume loss per unit area slid). By using many references of reported work 
for steel-on-steel tribo-pairs tested with pin-on-disk configuration, all of the data was 
consolidated into a map [72]. The base mono-color wear map was classified by severe 
wear, mild wear or a transition zone, with the transition zone shown shaded, while the 
colors classify the wear mechanism. Combining the two map shows that severe wear and 
mild wear can be associated with different wear mechanisms, while the same wear 
mechanism (oxidational wear, for example) can result in either severe wear or mild wear, 
which again shows the complexity nature of wear. The curved boundaries between wear 
mechanisms indicate a correlated contribution and the impact of ?̃?  and ?̃? on the wear 
mechanism determination. This work is also capable to unify the normal force-dependent, 
distance-dependent and velocity-dependent wear behavior discovered separately in most 
tribocouples where only a couple of the variables are changed. In other words, each test 
result represents one slice on a 2D wear map, what we will term as univariable tests. The 
fact that the severe-to-mild wear transition is highly sensitive to normalized velocity 
change, implies a more complex velocity dependence compared to pressure, especially at 
lower values of ?̃?. 
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Figure 2-8 A combined Lim-Ashby wear map with base of wear transition between 
mild and severe wear[74], and color shad represent different wear mechanism 
(extracted from reference[72]). This wear map is for room temperature steel-on-steel 
pin-on-disk configuration. The gray shaded areas represent transition between mild 
& severe wear. 
While many of the fretting conditions (such as sliding speed, normal force, etc.) have been 
chosen as independent variables in many past works including Lim and Ashby’s, it is less 
common to have environmental conditions (such as ambient temperature, oxygen level, 
etc.) in a wear map. While temperature has been the most studied environmental parameter 
as a univariable, it was not until the last two decades that it has been put in wear maps to 
study its coupling effect with other parameters, typically the normal force. Nevertheless, 
the temperature range is usually limited by equipment capability, and only some special 
high temperature Ni, Co, and Si alloys [32,75,76] or special coatings [77] in the pin-on-
disc configuration have been studied and reported. It is even rarer to find a wear map in 
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literature that chose both temperature and frequency as the two independent variables, after 
all, the duo role of frequency and its coupling effect with environmental temperature on 
glaze layer formation has not been systematically studied until recently [35,57,60]. One 
close substitution of a temperature-frequency wear map is the map concerning temperature 
and sliding speed in a continuous and non-reciprocating motion. Figure 2-9 presents one 
of such map reported by Inman et al. [33]. This map summarizes a series of test results for 
a Ni alloy (Nimonic 80A, 76Ni-19Cr) versus a Co alloy (Stellite 6, 60Co-27Cr) in 
reciprocating-block-on-rotational-cylinder motion. In this map, as the sliding speed 
increased, the boundary between low-temperature mild wear zone and other zones shifted 
to lower temperature end, which reflected the frictional heating influence brought by 
increasing of sliding speed. Glaze layer protection was only achieved at low sliding speed, 
whereas the oxidized debris occurred at high-temperature high-sliding speed end did not 
sinter as a glaze layer. While this wear map hinted at possible boundary shift resulting from 
temperature rise and critical parameter window for glaze layer formation, the 
unconventional contact configuration as well as considerable error brought by using weight 
change as the wear performance indicator limited the application of this map.  
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Figure 2-9 Temperature-sliding speed wear map of Nimonic 80A vs Stellite 6 ( P = 
7N, sliding distance = 5422m) with weight loss in contour and zones for major wear 
mechanisms are recolored. [33] 
 
2.5 Austenitic stainless steel 
Austenitic stainless steel is a large family of stainless steel with austenite (face-centered-
cubic) as their primary crystalline structure[78]. In general, austenitic stainless steel is a 
nonmagnetic, material with excellent ductility, formability and toughness. It can be further 
hardened by cold working but not heat treatment. 
An intuitive composition and property relationship between 300 grades austenitic stainless 
steels can be found in Figure 2-10[79]. The nickel (Ni) or nitrogen (N) are the most 
commonly used elements in austenitic stainless steel to stabilize the austenite, while 
chromium (Cr) or molybdenum (Mo) are added to achieve better corrosion resistance for 
high temperature applications or chloride environments[80]. High Ni content can help to 
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decrease the strain-hardening rate, (e.g. Type 305[81]). Low carbon grades (designated as 
AISI L or S) are developed to prevent intergranular corrosion[78] and improve weldability 
properties. Austenitic stainless steel may go through martensitic transition with 
deformation and/or reduction in temperature. Increasing the level of alloying or increasing 
temperature can increase the stability of austenitic stainless steel from martensitic 
transition[82]. For example, at room temperature, type 310 (25Cr-20Ni) is stable, while 
type 304 (18Cr-8Ni) is metastable and can undergo a strain-induced transformation to 
martensite in the layers adjacent to the interface undergoing wear[83]. 
 
Figure 2-10 Composition and property linkage for 300 series austenitic stainless 
steel.[79] 
The good high temperature resistance and relative low cost 310/310S austenitic stainless 
steel, compared to Ni-base alloys, makes it a great candidate for many cost-sensitive high 
temperature applications like internal component in combustion engines, furnace parts, 
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heat-treatment baskets, aerospace propulsion system and metalworking system [78,84]. 
However, due to the limitation of testing and characterization equipment, most existing 
research on wear performance of type 310/310S does not cover its working temperature 
range, nor has accurate wear volume data been recorded[83,85], and therefore, a wear map 
for 310 cannot be readily generated. Comparing to type 310, 304 has lower Cr and Ni and 
thus is not the best austenitic stainless steel for extremely high temperature use. However, 
its easy accessibility and wide-use makes it a favorite baseline material for many 
tribological tests on austenitic stainless steels [35,83,86–88]. 
2.6 Objective of the dissertation 
The ultimate goal is to develop a complete methodology to construct an informatic and 
applicable wear mechanism map, targeting the influence of temperature and frequency on 
wear mechanisms determination. It is accomplished by conducting wear experiments under 
various combination of temperature and frequency. While a wear map can be 
experimentally obtained by summarize tribological test results at these various testing 
conditions, the coupling of different parameters often make it challenging to understand 
with a purely empirical approach.  Therefore, modeling correlations and characterization 
of wear behavior are necessary to identify the operating wear mechanisms needed to gain 
deeper insights of wear mechanisms and better understand the underlying reasons for the 
trends observed in experimentally-based wear map.  Ultimately, the goal is to conceive and 
derive wear models that predict the boundaries separating different mechanisms on a wear 
map using a minimal number of tests to calibrate or assess these models. Though a literature 
review in previous sections of this chapter, it is clear that the glaze layer plays an important 
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role in severe-to-mild wear transition in high temperature wear, and thus is a key structure 
to determine wear performance under high temperature wear.  
The austenitic stainless steel 310S is chosen as a sample system to generate temperature-
frequency wear map that covers considerably large temperature and frequency in its 
working condition than that have previous been considered. This stainless steel is 
commonly used in high temperature applications due to its good high temperature and hot 
corrosion resistance compared to more common austenitic stainless steels such as 304 and 
is used in components undergoing fretting or reciprocating sliding.  A baseline wear map 
(or equivalently sufficient amount of data to generate a wear map) for 310S/310S does not 
exist. Such wear map is needed to eventually explore the behavior of 310S with other 
processing methods that alters the wear behavior such as gas nitriding and borizing. Before 
these advanced surface treatment methods can be systematically studied, a baseline wear 
mechanism map for 310S needs to be established. 
While glaze layer is the key structure formed to promote severe-to-mild wear transition, 
the identification of glaze layer has been mostly relying on eyeballing, as its characteristics 
reported, including bright, reflective, flat, etc. are all qualitative. A quantitative descriptor 
of glaze layer is desired as the foundation of more advanced characterization and analysis 
of glaze layer’s role in wear protection.  
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CHAPTER 3. MATERIAL AND EXPERIMENTAL METHODS 
3.1 High temperature fretting and reciprocating sliding test system 
Tribological tests were conducted using a unique Phoenix Tribology DN55 High 
Temperature Fretting and Reciprocating Sliding test system ( Newbury, UK).  A schematic 
of this test system is shown in Figure 3-1(a). It consists of a servohydraulic actuator to 
which a moving specimen is clamped. The moving specimen, often referred to as the pin, 
can be a sphere for point contacts, a cylinder for line contacts, or a flat-ended geometry for 
area contacts.  On both sides of the moving specimen are arms that secure a flat stationary 
specimen. This setup allows the simultaneous collection of two sets of wear data in one 
test, one from the left channel(“1”) and the other from the right channel (“2”).  
The displacement amplitude ∆∗ and frequency 𝑓 are the control variables to the 
servohydraulic actuator. The normal force P is applied by a pneumatic actuator with feed-
back control from an inline load cell. The tangential force Q induced by friction is recorded 
by a piezoelectric sensor and real time displacement of the moving specimen ∆ is measured 
by a capacitance gage, which is used for feedback control in the fretting mode. 
Heating of the system is performed using a clamshell furnace surrounding the contact 
region as shown in Figure 3-1(a). The furnace temperature is monitored and controlled with 
a thermocouple build in the furnace, and the furnace temperature variation is less than ±1°C 
during the test, and additional 30°C is added when commanding furnace temperature to 
compensate temperature offset that we observed in calibration procedure. A Type-K 
thermocouple is spot welded on the right plate specimen near contact area for monitoring 
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the sample temperature. Depending on the desired furnace temperature, one to two hours 
of temporary hold was programmed before starting the test to stabilize the heat flux in 
chamber and the tests samples. The sample temperature captured by the thermocouple at 
the end of the temperature hold is defined as the environmental temperature ( TE ) for the 
test. The real time temperature at thermocouple location, TTC, is recorded in LSD during 
the test to estimate the temperature at contact surface. The furnace chamber has access to 
lab air atmosphere but can be sealed with positive pressure of inert gas flowing to reduce 
oxygen supply if desired. 
 
Figure 3-1 a) Schematic diagram of DN55 testing rig and relative position between 
thermocouple and wear scar. b) A hysteresis loop generated with data recorded in 
HSD file, with δ*, ∆* and S geometrically defined in the loop. 
The test sequence and data acquisition mode vary to best accommodate each testing 
condition combinations. As a general rule, depending on the test frequency 𝑓, the high-
speed data (HSD) acquisition system stores the real time tangential force Q and 
displacement ∆ in the host computer at a rate of 200𝑓(𝐻𝑧) for 𝑓 ≤ 10Hz, which means 
1000 data points for five neighbor full fretting cycles are sampled. At frequency higher 
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than 10Hz, the data acquisition rate is limited by the system responding rate, and thus for 
50Hz and 100Hz test, 300 data points for five neighbor full fretting cycles are sampled. 
Noise with frequency higher than 10𝑓 in tangential force signal is removed by low pass 
filter build in the system. Additional HDS files are generated in the early 10K cycles to 
promote amplitude ramping. For example, for 10Hz tests, one HSD file is generated every 
3 seconds for the first 10K cycles and every 10 seconds for the rest of the cycles. An 
example of the hysteresis response of tangential force Q and displacement (∆) that can be 
reproduced with HSD data can be found in Figure 3-1 (b), and from this data, a COF can 
be calculated (see Section 3.3 for more details). 
After the completion of fretting tests and system cooling down, the pin and plate specimens 
are removed from test frame and ultrasonically cleaned in pure ethanol for 10 minutes to 
remove loose debris attached to the worn surface and surfaces are protected for further 
characterization. 
3.2 Material and Specimen 
The fretting tests were conducted with 310S stainless steel. 310S is a low carbon version 
of 310 stainless steel, its maximum carbon content is 0.08%wt. The raw material was 
purchased from Penn Stainless Product, Inc., as a hot rolled and annealed plate of 9.5mm 
(0.375 in.) thickness and round bar of 25.4mm (1.0 in.) diameter. Optical image of the 
microstructure of 310S pin material is shown in Figure 3-2) after etch by C13 reagent. The 
averaged grain size is about 120m. The chemical composition of the 310S material 
measured by EDS is very closed to the that is provided by vendor (listed in Table 3-1).  
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Figure 3-2 Microstructure of 310S pin sample under microscope, etched by C13 
reagent, 100X 
Table 3-1 Chemical composition(wt%) of 310S raw material 
 C% Si% P% S% Cr% Ni% Mn% Mo% Cu% Fe% 
Datasheet  0.03 0.46 0.028 0.00 24.49 19.54 1.49 0.16 0.41 balance 
Measured - 0.4 - - 24.6 18.8 1.5 - - 53.7 
 
To evaluate the mechanical property difference between plate and round bar raw materials 
and the temperature influence in the mechanical properties, uniaxial tensile tests were 
conducted using flat and cylindrical dog-bone specimens that are machined from the plate 
and round bar, respectively. The dimension of the specimens can be found in Figure 3-3 
following ASTM E8-16 standard. The cross-section gage area for flat and cylindrical 
specimens were kept the same to make the result comparable. The uniaxial tensile tests 
were conducted at room temperature(18°C), 200°C, 400°C, 600°C and 800°C with MTS 
servohydraulic test system for both the cylindrical and flat specimens in strain rate control 
mode (0.015mm/mm/min). All high temperature tensile tests were conducted in lab 
atmosphere with induction coil heating system. The test results are summarized in Figure 
3-4, overlapped with 310/310S data reported in literature[89–92] as references. For both 
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plate and round bar material, the room temperature tensile properties meet the minimum 
requirements that is provided by the vendor (Table 3-2). The mechanical property 
differences between flat and cylindrical specimens, hence the plate and round bar material, 
are less than 10%.  















Modulus of Elasticity 
S31008 310S >515 MPa >205 MPa 0.3 >150 
in tension(E) 
>200GPa 




Figure 3-3 Dimension design of a) flat tensile specimens; b) cylindrical tensile 




Figure 3-4 Effect of temperature on the a) tensile properties of 310S raw material, 
reference is data of annealed type 310 stainless steel from ref[92] and b)Young’s 
modulus of 310S raw material and reference Young’s modulus, shear modulus and 
Poisson's ratio of 310/310S stainless steel reported in [89–91] 
The raw material was machined to the desired dimensions as shown in Figure 3-5 (a) for 
the plate and pin specimens for tribological tests. The work hardening layer on flat samples 
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(plate) was removed by polishing up to 4000 grit SiC paper, and the cylindrical samples 
(pin) were used as lathed. The average Vickers hardness for pin is about 250 HV0.5, and 
plate about 230 HV0.5. This result is between cold rolling hardness (275 HV) and annealed 
hardness (150HV) for 310/310S stainless steel[92].  
 
Figure 3-5 a) Dimensions of pin (top) and plate (bottom) specimens; b) Notation for 
Hertzian line-contact calculations for line contact configuration with current sample 
dimensions. 
The radius and length of the moving specimen (pin) was designed to represent the contact 
configuration of pivot-vanes/ring configuration in variable geometry turbocharger (VGT, 
also called variable-nozzle turbine, VNT), a typical application of 310S stainless steel and 
one of the industrial applications that have been evaluated with our system. Our DN55 is 
designed to operate best with normal force between 100 N and 2500 N. To maintain 
nominal Hertzian contact pressures below the yield strength upon initial application of the 
normal force using the sample dimensions and considering the mechanical properties of 
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310S, a normal force of 150N is chosen. At room temperature, with a Hertzian line-contact 
condition, the contact area is a long narrow rectangular with width of 2b and length of l. 
The configuration and notation can be found in Figure 3-5. Data in Table 3-2 is used to 
calculate the maximum contact pressure (Hertz pressure) and the semi-width, b, of the 
contact.  The equations are simplified for the same material of two bodies[94]: 
For a line contact, the normal force per unit length P = F/l = 150N/13mm = 11.54N/mm.  


















) −1 =  𝑅1 = 10𝑚𝑚 (3-2) 














≈ 109.89 𝐺𝑃𝑎 (3-3) 
and the semi-contact length b is calculated by: 
 
𝑏 =  √
4𝑃𝑅∗
𝜋𝐸∗
≈ 36.6 𝜇𝑚 (3-4) 
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With Eq. (3-1) to Eq (3-4) the maximum contact pressure is calculated to be 201MPa, and 
thus the maximum principal shear stress is [94]: 
 𝜏1 = 0.30𝑝0 ≈ 60.3𝑀𝑃𝑎,  𝑎𝑡 𝑥 = 0,  𝑧 = 0.78𝑏 ≈ 28.5𝜇𝑚 (3-5) 
Using the Tresca criterion, the yield strength in shear  𝜏𝑌 =  
𝜎𝑌
2
= 102.5 MPa, which is 
above the 𝜏1 ensuring nominally elastic conditions upon initial application of the normal 
force. Using Eq. (3), the maximum normal force for onset of inelastic deformation at room 
temperature is as 434 N, well above the normal force of 150 N that will be used. It can also 
be calculated using the tensile test results reported in Figure 3-4, that the reference normal 
force 150N will ensure nominally elastic condition at initial stage of the test at all tested 
temperature.  
3.3 Calculation of Coefficient of friction 
The coefficient of friction (COF) is one of the most important wear performance indicators 
of a material. COF is mostly obtained experimentally. In general, COF is defined by Eq. 
(3-5): 
 




where P is applied normal force and Q is the tangential force measured. The testing rig 
used in this work, DN55, tracks the real time tangential force and normal force, which can 
be used to calculate COF for each reciprocating cycle. In fretting test, the tangential force 
displacement response for gross slip is shown in Figure 3-6 (a).  The tangential force Q 
 42 
does not always remain constant in the sliding region as shown. Depending on the method 
used to average Q in such case, slightly different values of COF can be obtained: 
 
Figure 3-6 a) Schematic of  a hysteresis  fretting loop with hook-like increase in 
tractional force during gross sliding, with 𝛅∗, ∆∗ 𝐚𝐧𝐝 𝐒 geometrically defined in the 
loop;  b) Comparison of fretting loops with grooves of different aspect ratio  sharing 
the same Q along Q = 𝐒∆ line, the aspect ratio of the groove is defined as sub plot on 
upper left [95]; 
Energy Coefficient of Friction (E-COF, or µE) considers the energy dissipated in one 
fretting loop, 𝐸𝑑, which represented by the area within a hysteresis loop. A representative 
COF of the cycle with total sliding stroke of 4 𝛿∗ is therefore defined as [56]: 
 




𝐸𝑑 is the energy dissipated in one fretting cycle, represented by area within a hysteresis 
loop; P the normal force and 𝛿∗ the sliding amplitude defined as the displacement when 
tangential force is zero. In most cases due to non-negligible system stiffness, S, represented 
by the slope for direction change portion in hysteresis loop,  𝛿∗  will be smaller then 
displacement amplitude, ∆∗. See Figure 3-6 (a) for 𝛿∗, ∆∗ 𝑎𝑛𝑑 𝑆 identified from hysteresis 
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loop, and their corresponding representation in hysteresis loop obtained in our tests in 
Figure 3-1(b). 
Geometric-independent COF (GI-COF) considers that the tangential force lying on the 
line of: 
 𝑄∗ = 𝑆∆ (3-7) 
to be the average tangential force, where S is the system stiffness and ∆ is the instantaneous 
displacement amplitude. Since this Q remains unchanged with cornerwise stretching of the 
hysteresis loop due to groove shape change as wear propagates [95], illustrated in Figure 
3-6 (b).  A similar approach (𝜇𝐻) is to use the averaged tangential force near the center of 
the sliding region in each direction [96] as defined Q in Eq. (3-5). Considering the 




?̅?𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 
𝑃
 (3-8) 
To understand and compare different COF calculation methods, a practice on calculating 
different type of COF numerically from HSD file is demonstrated in Figure 3-7. Here the 










where 𝐹𝑖 and 𝑑𝑖 are the tangential force and displacement of the 𝑖-th data point and n is the 
total data point in one fretting cycle (n = 200 in this case). The sliding amplitude 𝛿∗ is 
determined by the displacement at zero tangential force (averaged by both directions, 
labeled in purple). The geometry independent tangential force 𝑄∗ is found by the data point 
that’s closest to the line Q*=S∆, where S is the slope of linear fitted elastic slope in 
hysteresis loop (labeled in gold) 
 
Figure 3-7 Demonstration on numerical determination on GI_COF (tangential force 
determination for GI-COF in gold), max/min tangential force (in green), and sliding 
amplitude δ* (in purple). 
In addition to E-COF and GI-COF as introduced above, Max-COF and Min-COF are also 
calculated as a reference of upper and lower COF boundary: 









where ?̅?max 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔  and ?̅?min 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔  are the averaged maximum and minimum 
tangential force achieved at two extrema displacement position of a cycle. 𝑄max 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 
is defined as the maximum tangential force in each sliding direction, and 𝑄min 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 is 
numerically calculated as the interception of two linear fitted neighbor edge in hysteresis 
loop (linear fitted line in dash, 𝑄max 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 and 𝑄max 𝑖𝑛 𝑠𝑙𝑖𝑑𝑖𝑛𝑔  in green) as shown in 
Figure 3-7. The DN55 system also records the root mean square (RMS) of tangential force 
signal through its RMS/DC chip (AD536AJD) every one second. This RMS averaged 
tangential force is used as friction force (Q) in Eq. (3-5), and the COF calculated this way 
is denoted as DN55-COF in this work. Since DN55-COF considers RMS of tangential 
force in complete cycles, its calculated Q is expected to be smaller than that of E-COF and 
GI-COF and be closer to min-COF. To avoid underestimation on friction,  DN55-COF is 
only presented as a reference value and not used for wear performance evaluations.  
 
Figure 3-8 Different COF calculation method using HSD data of a room temperature 
test. 
Different types of coefficient of friction versus cycle count for a room temperature test are 
shown in Figure 3-8. As expected, both E-COF and GI-COF falls between max-COF and 
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min-COF, which demonstrates that both of them are a good method for providing the 
representative COF for an ideal shaped hysteresis loop. E-COF and GI-COF are very close 
to each other in all tests conducted so far, with GI-COF being slightly smaller for some 
low temperature cases (the steady state COF difference is less than 3%). The reason for the 
small difference between the two COF is due to the small stiffness over load ratio( i.e.  S/P) 
for the testing rig[95]. In the following presented work, E-COF will be used unless noted 
otherwise. Real time E-COF (𝜇𝐸) in the last 20K cycle of a test is averaged and reported 
as the stabilized or steady state COF (?̅?𝐸) for each test condition. 
3.4 Wear characterizations 
The morphologies of the wear scar are measured by optical microscope (Leica DVM6 
Wetzlar, Germany) in normal mode and Z-stack mode with combined Coaxial illumination 
(CXI) and Ring lighting (RL) lightning mode at full aperture. Specific setting of optical 
microscope for glaze layer identification purpose are introduced in Section 5.3.1.1. 
The morphology as well as chemical composition of structures formed at worn surface 
have been examined with the Hitachi SU-8230 SEM (Tokyo, Japan) using both secondary 
electron (SE) and backscattered electron (BSE) modes, and FEI Quanta 250 (Oregon, USA) 
with InLens detector that collect SE and BSE signals at the same time. Specifically, the SE 
images are used to identify the glaze layer or other features in the near surface layers by its 
unique surface topography compared to the unworn surfaces, and BSE images are used to 
distinguish and locate the metal oxides, since BSE image is highly sensitive to differences 
in atomic number, and low atomic number element like oxygen will appear darker in the 
image. The identification of oxygen element oxide is confirmed by the Oxford EDS 
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detector (Massachusetts, US) equipped with Hitachi 8230 SEM. Some samples were also 
cross-sectioned and hot-press mounting with conductive resin, polished with SiC grit paper 
and diamond suspension to examine the thickness of the glaze layer formed.  
The topography of both the pin and plate sample are 3D reconstructed by an optical 
profilometer (Zygo Zegage, Middlefield, CT, USA) using a 10X lens. As shown in Figure 
3-9 (a), by defining unworn surface as reference, volume up (𝑉𝑢𝑝, material build up) and 
volume down ( 𝑉𝑑𝑜𝑤𝑛 , material removal, or transferred volume as defined in other 
work[60]) with respect to reference (unworn area) can be calculated. These calculations 
are readily performed using the Zygo Mx software (version 7.5.0.1). 
There are two major ways to report total volume loss in literature with different emphasis: 
 𝑉𝑠𝑢𝑚 =  𝑉𝑢𝑝 + 𝑉𝑑𝑜𝑤𝑛 (3-12) 
 𝑉𝑛𝑒𝑡 =  𝑉𝑢𝑝 − 𝑉𝑑𝑜𝑤𝑛 (3-13) 
In both case 𝑉𝑢𝑝 and 𝑉𝑑𝑜𝑤𝑛 are positive values, and they represent a summed contribution 
from both pin and plate, i.e., 





 𝑉𝑑𝑜𝑤𝑛 =  𝑉𝑝𝑖𝑛




Figure 3-9 a) Schematic of volume up (𝐕𝐮𝐩) and volume down (𝐕𝐝𝐨𝐰𝐧) to the reference 
(unworn surface) in dash. b) Example of surface profile processing with form removal 
on pin and plate. (Test condition: T = 100℃, 𝑷 = 𝟏𝟓𝟎𝐍, ∆∗ = 𝟐𝟎𝟎𝛍𝐦, 𝒇 = 𝟏𝟎𝐇𝐳 ) 
 
The value of 𝑉𝑠𝑢𝑚  accentuates the transition of material between the two bodies, while 
𝑉𝑛𝑒𝑡 puts emphasis on the net material loss. Since 𝑉𝑢𝑝 in the current test set up is usually 
very small comparing to 𝑉𝑑𝑜𝑤𝑛 (especially in lower temperature where plastic deformation 
is not as severe), we are expecting 𝑉𝑛𝑒𝑡 to be almost always negative, and both 𝑉𝑠𝑢𝑚 and 
−𝑉𝑛𝑒𝑡  showing very similar trend. At higher temperatures (>500°C), more debris is 
believed to be welded at the edge of wear scar, which makes 𝑉𝑢𝑝 increase and therefore a 
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there is a larger deviation between 𝑉𝑠𝑢𝑚 and −𝑉𝑛𝑒𝑡. In the future discussions, −𝑉𝑛𝑒𝑡 will 
be used as wear volume loss for consistency unless specified.  
Some of the tests were conducted at different normal force(P), sliding amplitude(δ*) and 
cycle(N), which will significantly influence wear volume as suggested by Archard law[8]. 
To make those results comparable, the volume loss/gain are normalized to the rate of the 
wear/transfer using the following equations[57], and the net wear rate (NWR) will be used 
for related discussions: 
Wear rate:  




















CHAPTER 4. CONSTRUCTION OF WEAR MECHANISM MAPS 
This chapter presents experiments and methods used to construct a Temperature-Frequency 
wear mechanism map for 310S on 310S stainless steel tribological couple. Most of the 
existing wear maps commonly focused on load (normal force), displacement amplitude and 
moving velocity, and no temperature-frequency wear map for 310S has been reported in 
literature. The wear map is constructed based on results of a series of cylinder-on-flat 
fretting test conducted at various testing conditions with the coupling effect between the 
environmental temperature and oscillation frequency being the target of this work. The 
planning of experiments is designed to reduce number of tests necessary but still maintain 
a reasonable resolution of the boundaries between wear regions. The NGL model, which 
was proposed based on fretting wear of Co-Cr alloy on alumina cross-cylinder to predict 
the critical cycles for glaze layer formation, is applied to the 310S/310S cylinder-on-flat 
couple. In the experiments, a cycle-dependent 𝜇𝐸 drop in the transition zone of severe-to-
mild wear transition has been observed, and the cycle numbers upon finishing 99% of the 
drop is defined as NGL though sigmoid fitting of the 𝜇𝐸 data with temperature. The resulting 
analysis shows that the NGL model can be used for wear map boundary prediction 
particularly if the temperature rise at the contact surface due to Coulomb heating is 
accounted for. The general principles of constructing and utilizing an informatic wear map 
is also provided. 
4.1 Design of Experiment 
To experimentally obtain a temperature-frequency wear mechanism map requires an 
abundance of tests conducted at various temperatures and frequencies. Certainly, the 
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greater number of tests conducted at various combinations of temperature and frequency, 
the better the resolution the map can achieve. Since it is impossible to run infinite tests, a 
sophisticated design of experiment is needed to reduce the number of tests yet still achieve 
a reasonable resolution of the wear map.  
In a traditional test matrix that involves one or more variables, testing conditions are often 
evenly distributed throughout the covered range for each parameter. Convenient and 
straightforward as this strategy is, it is not effective for tasks like generating a wear 
mechanism map, as the total number of tests can easily scale up quickly to improve the 
boundary resolution. Knowing the boundary resolution is controlled by the sampling 
density near the boundary, we proposed a hierarchical probing strategy with a biased 
sampling density in the wear map that adaptively determines the choice of test condition 
for new experiments based on knowledge learnt in finished experiments. 
Figure 4-1 illustrates the proposed sampling strategy, presenting the actual sampling 
locations, i.e., the temperature-frequency combinations in each fretting test, for the final 
wear map generated for 310S/310S cylinder-on-flat tribo system. This strategy involves 
four levels: baseline, course grid, fine grid, and extra probing. Firstly, in the baseline level 
(Figure 4-1(a)), a series of univariable tests, namely temperature-baseline and frequency-
baseline tests are conducted, where temperature and frequency are the only variable in their 
own baseline. Extra data points may be added in the transition zone discovered at this level. 
The results of the two baselines reveal the separate influence of environmental temperature 
and frequency on wear performance. The possible coupling effects between temperature 
and frequency are then assessed in later levels as illustrated in Figure 4-1(b): a screening 
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at course grid level that covers the complete range of temperature and frequency to 
recognize the major wear mechanism and their transition zone,  a fine grid level around the 
transition zone to identify the transition boundaries, and finally the extra probing points to 
confirm wear mechanism zones and further improve the boundary resolution. The grid 
density for each level is determined based on the result from the earlier level, and will be 
discussed in detail in the following sections. After finishing those steps, a temperature-
frequency wear mechanism map at a constant cycle, amplitude and normal force is 
constructed. The following sections introduce results collected at each level and 
demonstrate generating a wear map following this strategy. All probing points represented 
in Figure 4-1(b) represent tests conducted for the same number of cycles (66K), 
displacement amplitude (±200µm), and normal force (150N). Several extended cycling 
tests (100K) have also been conducted to further address the cycle influence on wear. 
 
Figure 4-1 Design of experiment generating wear mechanism map with hierarchical 
probing strategy: a) baseline tests; b) complete strategy. 
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4.2 Univariable temperature-baseline test 
The temperature-baseline tests cover the complete temperature range that 310S may be 
exposed to in applications from room temperature (18°C) to 700°C with 100°C increment 
in between. A moderate frequency (10Hz) is chosen and fixed for the baseline tests at all 
temperatures. At least three tests per condition were conducted to verify the repeatability 
of the test result. 
The correlation of the 𝜇𝐸 and net wear volume rate (NWR) is shown in Figure 4-2 (a). The 
error bars indicate the standard deviation from the three duplicate tests.  The results 
demonstrate great repeatability especially at higher temperatures, where the error bars are 
too small to be visible in the plot. The severe-to-mild wear transition was observed in 200-
300°C range and thus two additional tests at intermediate temperatures within this 
temperature range (250°C and 280°C) were conducted to capture more details in the 
transition zone. The 𝜇𝐸  versus cycle plot for the tests in transition temperature zone 
(250℃, 280℃, 300℃)  are shown in Figure 4-2(b). The sharp drop in steady-state 𝜇𝐸 
between 250℃  and 300℃  is clearly observed. The running-in COF for all three 
temperature were high and close to 0.7, but as the cycle count increased, 𝜇𝐸 for 300℃ and 
280℃  dropped one after another and stabilized at a lower level, while 𝜇𝐸  for 250℃ 
remained high for the entire test duration of 66K cycle. With additional cycling at 250°C, 
the 𝜇𝐸 drop was observed (red curve in Figure 4-2 (b)). The magnitude of the 𝜇𝐸 for all 
temperatures after the 𝜇𝐸 drop at the transition is very close to each other (about 0.42) 
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Figure 4-2 a) Evolution of µE and net wear rate (?̇?  net) with temperature using 
310S/310S temperature-baseline results. ?̇? net is plotted with inverse axes, b) Typical 
µE evolution with cycle plot for 250°C (Ntot = 66K cycles in blue Ntot = 100K cycles in 
red), 280°C and 300°C, the three temperature that falls in transition temperatures 
zone as labeled in a). 
The amount of wear as quantified by 𝑉𝑢𝑝 and 𝑉𝑑𝑜𝑤𝑛 contributed by pin and plate at each 
temperature is shown Figure 4-3. In general, the trend of volume loss with environmental 
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temperature for the pin and plate are very similar due to their identical chemical and 
mechanical properties. For both the pin and plate, 𝑉𝑢𝑝 gradually increases with increase in 
temperature, whereas 𝑉𝑑𝑜𝑤𝑛 first increases then decreases with temperature, which is a 
similar trend comparing to evolution of 𝜇𝐸. At the same time, 𝑉
𝑢𝑝and 𝑉𝑑𝑜𝑤𝑛 for pin are 
larger than plate since pin has less confined surface which promotes debris removal. 
Similarly, 𝑉𝑝𝑖𝑛
𝑢𝑝
 is less than 𝑉𝑝𝑙𝑎𝑡𝑒
𝑢𝑝
, as fast extraction of debris inhibits debris welding at the 
edge of the wear scar.  
 
Figure 4-3 Volume up and down contributed by pin and plate for each temperature, 
results are averaged from 3 duplicates and their left/right channels. 
SEM observations of the wear scar further confirmed that the severe-to-mild wear 
transition occurs due to the glaze layer formation. The top view of the worn surfaces of the 
plates after tested at 250°C for Ntot =66K and 100K, and 400°C for Ntot =66K are shown in 
Figure 4-4. Lighter elements like oxygen show darker color in SEM with BSE signal, 
which helps to identify the glaze layer. While compacted oxide debris was observed at the 
worn surface for 250℃ after 66K cycle, it did not form a sufficient glaze layer, and thus 
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the 𝜇𝐸 did not drop at this condition. When the number of cycles is increased to 100K cycle 
at 250°C, the 𝜇𝐸 drops between 70K and 80K cycles, and small islands of glaze layer are 
observed. As shown in Figure 4-4(e), abrasive grooves along fretting directions are found 
on the glaze layer islands. For tests conducted at 400°C, where the 𝜇𝐸 drop happened at an 
early stage of the test (less than 1K cycle), large patches of glaze layer are formed. An 
enlarged area of the glaze layer formed at 400°C (Figure 4-4(f)) shows shallower abrasive 
grooves, which may be due to the higher strength of the glaze layer or softer oxide debris 
at elevated temperature. 
 
Figure 4-4 SEM of wear scars on plate sample from top view.  (a) and (d): 250°C test 
with 66K cycle, where debris were compacted but not forming sufficient glaze layer; 
(b) and (e):250°C test with 100K cycle, where small island of glaze layer (in black) 
was formed, and the enlarged image (e) shows the sintered and flat feature of glaze 
layer and abrasive wear groove along the fretting direction; (c) and (f):  400°C test 
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with 66K cycles, where large network of glaze layer is formed, and the enlarged image 
(f) shows a large area of glaze layer with less abrasive grooves. 
The chemical composition at three different locations, (1) center of glaze layer, (2) edge of 
glaze layer, and (3) outside of glaze layer but still within the wear scar, and static oxide 
that formed outside of wear scar are given in Table 4-1, with specific locations shown in 
Figure 4-5, for wear scar on the plate tested at 700℃. The oxygen weight percentage is 
significantly higher in the glaze layer area compared to spot 3 as well as static oxide formed 
outside the wear scar.  These results confirmed that the glaze layer is oxide rich. 
 
Figure 4-5 SEM picture of top view within wear scar on plate specimen of 700◦C test. 




Table 4-1  Point EDX results showing chemical composition in weight percentage of 
spot 1, 2 and 3 and static oxide ( oxide formed  outside of the wear scar). 
location Fe wt% Cr wt% Ni wt% O wt% Si wt% Mn wt % 
spot1 44.9 ± 0.3 13.4 ± 0.2 8.4 ± 0.2 30.2 ± 0.3 0.2 ± 0.1 2.8 ± 0.2 
spot2 42.5 ± 0.3 20.5 ± 0.2 6.3 ± 0.2 30.4 ± 0.3 0.3 ± 0.1 / 
spot3 48.9 ± 0.3 21.9 ± 0.2 17 ± 0.3 10.7 ± 0.2 1.5 ± 0.1 / 
Static oxide 40.2 ± 0.1 19.5 ± 0.1 14.0 ± 0.1 25.1 ± 0.1 0.5 ± 0.1 0.8± 0.1 
A plate sample tested at 600°C was cross-sectioned to investigate the chemical composition 
and thickness of the glaze layer formed. The results are presented in Figure 4-6. As shown 
in Figure 4-6 (a) and (b), an oxygen-rich layer was observed on top of the wear scar with 
variable thickness ranging from 6 to 20 µm. The line scan from the surface into the depth 
in Figure 4-6(b) shows the peaks in count per second (cps) for Fe is associated with O, but 
the peak of Cr is associated with a valley in O, suggesting that iron oxide may be a more 
preferable type of oxide for glaze layer comparing to chromium oxide, which is consistent 
with reported observations [39]. Overall this characterization further confirms that glaze 
layer is oxygen rich.  
To summarize, in the temperature-baseline test series conducted at 10Hz, the severe-to-
mild wear transition has been observed in the 310S/310S cylinder-on-flat test 
configuration. The friction and wear results show high repeatability. The temperature 
influence on wear loss for pin and plate are similar. The severe-to-mild transition took 
place between 200°C to 300°C, and the tests conducted in the transition temperature also 
show a drop in 𝜇𝐸 at some point with increasing cycle count. The characterization of worn 
surfaces suggest that the development glaze layer is the reason of the severe-to-mild wear 
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transition. Similar to the glaze layer found in other material system, the glaze layer formed 
in the 310S/310S interface contains sufficiently high oxygen composition compared to 
other locations either within the wear scar or outside of the wear scar which is statically 
oxidized during the test. 
 
Figure 4-6 Cross-section view of plate sample after 600C 10Hz tests showing the glaze 
layer structure, the reciprocating direction is noted by double headed arrows: a) OM, 
BS-SEM and EDX element mapping of glaze cross-section, scale bar = 25µm; b) EDX 
line scan of major elements’ distribution along the depth of wear scar 
 
4.3 Quantification of E-COF evolution with sigmoid fitting 
As discussed in the previous section, the formation of the glaze layer is associated with the 
𝜇𝐸 drop that occurs during cycling, and the minimum test duration to observe this drop is 
temperature dependent. This result is consistent with the critical cycle 𝑁𝐺𝐿  theory that 
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suggests a critical number of cycle is needed to activate the glaze layer formation [36]. 
According to this theory, no further wear will accrue after the fretting cycle reaches 𝑁𝐺𝐿, 
and 𝑁𝐺𝐿  is depends on both testing condition and the material properties (chemical 
composition, diffusivity, etc.).  
To build the linkage between the 𝜇𝐸 drop and NGL model, it is essential to describe the 𝜇𝐸 
drop in a robust and quantitative way. Here we propose to fit the cycle count (N) vs. 𝜇𝐸 to 
a sigmoid function. Such function has been used to describe the running-in coefficient of 
friction evolution [97], but not the entire coefficient of friction evolution.  
A sigmoid function is commonly used to describe a symmetric and bounded S-shape curve 
(or so called sigmoid curve). The formula of a general sigmoid function is given as: 









where a, b, c and d are four fitting parameters that control the shape and location of the 
curve: a and c denote the scaling along x and y axis, while b and d represent the translation 
of the curve along x and y axis. A special case of sigmoid curve when a=-1, c =1, b = d =0 




Figure 4-7 Schematic of sigmoid function and the fitting parameters’ determination 
on the shape and location of the curve: (a): simplified sigmoid curve, (b) 
demonstration of sigmoid fitting with 250°C_100K test result and illustration of the 
tribological meaning of the fitting parameters. 
An example of using Eq. (4-1)to represent the evolution of 𝜇𝐸  is illustrated in Figure 
4-7(b). By taking the limit of Eq. (4-1), one can get: 
 𝜇𝐸𝑚𝑎𝑥 ≈ 𝑙𝑖𝑚𝑥→−∞
𝑦 = c + d (4-2) 
 𝜇𝐸𝑚𝑖𝑛 ≈ 𝑙𝑖𝑚𝑥→+∞
𝑦 = d (4-3) 
The 𝜇𝐸  value before and after the drop does not appear to depend on temperature, but 
instead depends only the number of cycles that needs to be applied before the drop occurs. 
It is clear that 𝜇𝐸𝑚𝑎𝑥 represents the high-level value of 𝜇𝐸 that is the typical steady-state 
𝜇𝐸 for severe-wear mechanism domain, ?̅?𝐸_𝑛𝑜𝑛−𝑔𝑙𝑎𝑧𝑒, while 𝜇𝐸𝑚𝑖𝑛 represents the low-level 
value of 𝜇𝐸 that is associated with glaze layer protection in the mild-wear domain, ?̅?𝐸_𝑔𝑙𝑎𝑧𝑒. 
Therefore, c represents the total amount of 𝜇𝐸 drop due to glaze layer formation, and d as 
the steady-state value of 𝜇𝐸 when the glaze layer is fully developed, i.e., 
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 𝑐 =   ?̅?𝐸_𝑛𝑜𝑛−𝑔𝑙𝑎𝑧𝑒 − ?̅?𝐸_𝑔𝑙𝑎𝑧𝑒 (4-4) 
 𝑑 =  ?̅?𝐸_𝑔𝑙𝑎𝑧𝑒 (4-5) 
The rate of 𝜇𝐸  drop is described by a and b. The symbol a represent the “stair width”, with 
a smaller the value of a indicating a more rapid transition. The symbol b represents the 
cycle of the inflection point of the curve.   
If the starting turning point of the 𝜇𝐸 drop (N𝑠) is defined by the cycle when 1% of the 𝜇𝐸 
drop is reached (i.e., y = d + 0.99 c), and the finishing drop (N𝑓) as the cycle when 99% of 
the drop is finished (i.e.,  y = d + 0.01 c), one can easily estimate N𝑠 and N𝑓 
 𝑁𝑠 =  𝑏 − 𝑎 ∗ ln(99) ≈ 𝑏 −  4.595𝑎 (4-6) 
 𝑁𝑓 = 𝑏 + 𝑎 ∗ ln(99) ≈ 𝑏 + 4.595𝑎 (4-7) 
As such, the duration of 𝜇𝐸 drop, 𝑁𝑑 can be quantified as:  
 𝑁𝑑 = N𝑓 − N𝑠   ≈ 9.2𝑎 (4-8) 
The sigmoid fitting of the 𝜇𝐸  data is automated with Python 3 and Scipy library using non-
linear least square fitting method. As demonstrated in Figure 4-7(b), this method fits the 
result very well, and can provide consistent and robust Nf identification compared to 
eyeballing using the data only. Compared to other potential fitting methods such as fitting 
the 𝜇𝐸 data with three straight lines, sigmoid fitting has many advantages: (1) the sigmoid 
function is continuous, differentiable, script friendly (thus, the result is robust and 
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repeatable), (2) the rate change of 𝜇𝐸 with the reduction in friction is captured, and most 
importantly, (3) the fitting parameters have tribological meanings that provide insights for 
in depth research in parametric studies of wear performance.  
Since NGL has been defined as the critical cycle for glaze layer formation, it can be 
experimentally defined as the cycle at which drop of 𝜇𝐸  is complete [98]. To this end, the 
obtained Nf is treated as NGL equivalent in this work.   
4.4 Univariable frequency-baseline test 
The frequency-baseline tests were conducted at 1Hz, 5Hz, 10Hz, 50Hz and 100Hz at room 
temperature. Since there is no power input from the furnace for those tests, any temperature 
rise captured by the thermocouple attached on the plate will be fretting-induced only. In 
such way, the temperature rise as a function of frequency can be estimated.  
Figure 4-8(a) presents the 𝜇𝐸 evolution with cycles for the frequency baseline, with the sub 
plot on the lower right showing that the final hysteresis loop for each test overlaps. The 
averaged 𝜇𝐸 beyond 40K cycles is defined as the steady-state E-COF ( ?̅?𝐸) shown in Figure 
4-8(b) together with the net wear volume rate. For all frequencies except 100Hz, the 𝜇𝐸 
evolution curves are well aligned with a mild trend to progress to a slightly higher 𝜇𝐸 in 
the later stage of the test. No significant 𝜇𝐸 drop was observed within the given cycle (66K), 
and all the ?̅?𝐸 falls in the range of 0.77±0.05. This relatively high 𝜇𝐸 suggests that all tests 
at this condition are located in the severe wear mechanism zone on the wear map.  The 
steady-state hysteresis loops for all test frequencies have similar shape and sliding 
amplitude, δ*, which suggests that the power of dissipative energy is nearly the same for 
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all tests. The unstable 𝜇𝐸 observed for the 100Hz test was mostly caused by its large noise 
in hysteresis loop, as discussed in Section 3.3. For this specific test, the DN55 testing rig 
also failed to maintain a stable control and stopped automatically at around 50K cycles 
before the test sequence was finished. To make the 100Hz wear data comparable to the rest 
of the tests with 66K cycles, all wear results in this section were normalized by total cycle.  
Even though the stability of that test was not good, the net wear rate, average friction, and 
increase in temperature tended to follow the trends observed at lower frequencies. 
The net wear volume loss ?̇?𝑛𝑒𝑡, shown in Figure 4-8(b), slightly decreases from 1Hz to 
10Hz, and then slightly increases with further increasing of frequency. This ?̇?𝑛𝑒𝑡 variation, 
however, is less than the standard deviation of ?̇?𝑛𝑒𝑡 for 10Hz room temperature tests in 
temperature-baseline( ±0.011mm3N-1mm-1, as shown in Figure 4-2(a)), and thus considered 
as not significant.  
 
Figure 4-8 Influence of frequency of cycling at room temperature: a) 𝝁𝑬 evaluation 
with cycle at each frequency, sub figure in a) shows the hysteresis loops near the end 
of the test. b)Frequency-E-COF-wear rate plot overlapped with temperature rise 
captured by the thermocouple. 
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During the wear test, the sample surface temperature was captured by a type-K 
thermocouple (TC) that was spot welded about 4-5mm away from the central line of the 
wear scar as shown in Figure 3-1 (a). The real time sample temperature at the thermocouple 
location, TTC, for each testing frequency is shown in Figure 4-9 (a). While TTC  for  the 
1Hz test was almost unchanged during the entire wear test, a noticeable temperature rise is 
detected for tests conducted at higher frequencies, particularly, 50Hz and 100Hz. The total 
temperature rise throughout a complete test, ΔTTC, is given by 
 ∆𝑇𝑇𝐶 =  𝑇𝑓
𝑇𝐶 −   𝑇𝑖
𝑇𝐶  (4-9) 
where  𝑇𝑖
𝑇𝐶 is the TTC captured at beginning of the test, and 𝑇𝑓
𝑇𝐶 is the TTC captured upon 
finishing the test. Demonstration of calculating ∆T𝑇𝐶  for 50Hz is illustrated in Figure 
4-9(a), and ∆T𝑇𝐶 for each frequency at room temperature is summarized in Figure 4-8(b). 
In general, ∆T𝑇𝐶  linear correlates to frequency, noting that ∆𝑇100𝐻𝑧
𝑇𝐶   deviated from 
linearity likely due to its reduced number of cycles (50K) compared to the other tests (66K 
cycles). To estimate ∆𝑇100𝐻𝑧
𝑇𝐶  for 66K cycles, the temperature rise rate, which is defined as 
the temperature rise per second, is calculated by: 
 








where 𝑁𝑡𝑜𝑡 is the total number of cycle and f the test frequency.  ∆?̇?
𝑇𝐶 for each frequency 
is shown in Figure 4-9(b), which correlates well with a second order polynomial. This 
result suggests that if all tests were conducted for the same number of cycles, a linear 
relationship between ∆𝑇𝑇𝐶 and frequency is expected, and ∆𝑇100𝐻𝑧
𝑇𝐶  for 100Hz is calculated 
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to be 50°C if the test was conducted to 66K cycles. This observation agrees with the 
temperature rise model in Eq (2-4) that Jin and Shipway proposed and validated for the 
304/304 austenitic stainless steel cylinder-on-flat fretting system [57]. A more detailed 
comparison between their test conditions and ours is given in Table 4-2. 
 
Figure 4-9 Fretting induced temperature rise as a function of frequency: a) Evolution 
of  temperature measured at thermocouple location over the cycles of the test for each 
frequency. b) The temperature rise rate at each frequency and the second order 
polynomial fitting result. 
Table 4-2 Comparison of material and test conditions between Jin and Shipway [57] 
and current work 




304 stainless steel 
(like on like) 
310S stainless steel 
(like-on-like) 
Contact  mode and configuration Cylinder on flat Cylinder on flat 
Normal force (N) 450 150 
Contact length (mm) 10 13 
RT Hertzian contact pressure p0 0.51GPa 0.20GPa 
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RT  Hertzian contact size b 56.0 um 36.6 um 
Displacement amplitude (um) (+/-)50 (+/-)200 
RT yield strength  0.215 GPa 0.205 GPa 
Frequency(Hz) 20 and 200 1,5,10,50,100 
Steady state E-COF 0.61 0.77(RT) 
Thermal conductivity(W/mK) 14 11 
Total cycle 100K 66K 
To estimate the temperature rise at the middle line of contact interface (x’ = 0), Eq. (2-4) 







where b is the half-width of Hertzian line contact, p0 the maximum Hertzian contact 
pressure, 𝛿 the displacement amplitude, 𝜇𝐸 the E-COF that was assumed constant, f the 
frequency, 𝜅  the thermal conductivity. As the simulation result shown in Figure 2-7 
suggests, the majority of temperature rise in the contact itself happens within 10 s of the 
start of the test, and the rising rate gradually decays and becomes much less sensitive to 
the testing time and cycle. By substitution of the parameters listed in Table 4-2, a scale 
factor of 1.65 can be calculated, i.e. the temperature rise at contact line is our case is 1.65 
times higher than that of Jin and Shipway’s test at the same frequency. Based on Jin and 
Shipway’s result, the increase in temperature rise due to dissipation of frictional power for 
200Hz is about 90°C. With this information as well as the fact that the frequency-baseline 
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tests share very similar 𝜇𝐸, it is then inferred that the fretting induced (or dissipation-energy 
induced) temperature rise for the 100Hz test at the center of the contact in the current work 
is about 74°C, and the temperature rise for the rest of the frequencies are proportionally 
smaller. The estimated ΔT at the center of the contact of all frequencies involved in 
frequency baseline tests are summarized in Table 4-3. The estimated temperature rise at 
the thermocouple location (approximately 5mm away from the center of the contact) was 
calculated assuming 71% of the temperature rise was maintained. As shown in Table 4-3, 
the temperature estimation was very close to the real measurement data, suggesting the 
calculated temperature rise at the center of the contact is a reasonable estimation. Thus, in 
the future tests, the temperature rise at the contact can be estimated by ΔTTC/71% (i.e.  
1.41* ΔTTC) 
Table 4-3 Estimated fretting induced temperature rise at center of contact and at 
thermocouple location for frequency-baseline tests, comparing to the temperature 
rise measured by thermocouple. 
Frequency   
(Hz) 
Estimated ΔT at x' = 0 
(°C) 
Estimated ΔT at x' = 5mm 
(°C) 
 measured ΔTTC 
(°C) 
1 1.9E-03 1.3E-03 0 
5 0.2 0.1 3 
10 4 3 6 
50 37 26 25 
100 74 53 50* 
The results in Table 4-3 also bring insights on the design of experiments for later tests. 
Since 50Hz is the highest stable working frequency for the DN55 at the current load and 
amplitude, tests conducted at 50Hz will experience most significant temperature rise 
influence. If we assume the temperature rise induced at 50 Hz oscillation frequency shifts 
the temperature-dependent severe-to-mild wear transition by simply adding the 
temperature rise to the environmental temperature, a temperature grid finer than 37°C 
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around the transition zone is necessary to observe this shift. It should be noted that the 
estimation in Table 4-3 assumes a constant 𝜇𝐸  for the entire testing period. While this 
assumption is valid for the frequency baseline tests, a lower 𝜇𝐸 and thus lower dissipative 
energy is expected at high environmental temperature as indicated in temperature-baseline 
test series. The oxide third bodies that have much lower thermal conductivity will prevent 
heat transformation at the interface and lead to higher ΔT at the interface[57] under 
constant µE assumption. 
To summarize, for the frequency-baseline test series conducted at room temperature, 𝜇𝐸 
and net wear loss rate did not vary much with increasing of frequency. For wear at room 
temperature, the wear mechanism is severe-wear mechanism and the test frequency, within 
the range of frequencies tested, does not change the wear mechanism. The surface 
temperature rise at 4-5mm away from the center of the contact is measured by 
thermocouple, and this temperature rise is linearly correlated to frequency, and has been 
used to validate the temperature rise estimation. Based on those results, frequencies of 1Hz 
and 50Hz are selected as the minimum and maximum frequencies for future tests and the 
wear map for best performance of the testing rig. A 37°C temperature rise is expected in 
50Hz test before oxide formation as well as 𝜇𝐸 drop at higher temperature. Temperature 
grids finer than 37°C are needed around the transition zone to investigate temperature rise 
induced shift in wear mechanism that may affect a boundary on a wear mechanism map.  
4.5 Temperature-frequency coupling effect in wear performance 
With the knowledge learnt in initial probing of the wear map with two baseline tests, a 
systematic parametric study on the synergic effect between environmental temperature (TE) 
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and frequency (f) on the wear performance was conducted following the DOE described in 
Figure 4-1(b). Firstly, a course grid test matrix was implemented consisting of the 
intersection of TE = 200/400/600°C and f = 1/5/10/50Hz. The test results indicate that 
severe-to-mild wear transition occurs in the temperature range of 200 to 400℃ for all the 
four frequencies. A finer grid was then applied to this temperature range to further identify 
the transition boundary between 200 and 300℃. The ?̅?𝐸 results of all the tests as well as 
their NWR are summarized in Figure 4-10. Similar to the temperature-baseline test results, 
the ?̅?𝐸  transitions happened at slightly higher temperatures compared to the NWR 
transitions.  One explanation is that NWR considers the volume worn in the complete 
testing process while ?̅?𝐸 considers average value over the last 20K cycles.  
For all frequencies, when TE<200°C, the ?̅?𝐸 is high while when T
E>300°C, the ?̅?𝐸 is low 
with a transition occurring in between. While 1Hz, 5Hz and 10Hz tests share a similar high-
level and low-level ?̅?𝐸, the 50Hz tests showed a higher ?̅?𝐸 (and thus higher friction force) 
at all temperatures compared to other frequencies. Characterization of the worn surfaces 
suggests that the high steady-state friction may result from an adhesive wear mechanism 
that usually leads to more severe friction and wear.  The height map as well as optical 
image of the wear scar for 50Hz, 400°C is shown in Figure 4-11, where a matched shape 
of peak-valley was observed at corresponding location of the plate-pin pair that was in 
contact. It is possible that an adhesive wear mechanism is prompted by the high 
temperature rise induced at this frequency and the high compatibility of the like-on-like 
materials in the tribo couple, resulting in a significant amount of material transfer between 
bodies. It should be noted that in the NWR calculation, such material transfer from pin to 
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plate is canceled out. Additional cross-sectional characterizations of the pin and plate 
samples are needed to confirm this hypothesis.   
 
Figure 4-10 NWR and steady-state E-COF of 310S/310S at various environmental 




Figure 4-11 a) Zygo height map of pin and plate after tested at 50Hz, 400°C; b) OM 
image of the area selected in white block of Zygo height map for pin and plate in a) 
The ?̅?𝐸 results for various environmental temperatures and frequencies shown in Figure 
4-10(a) are utilized to generate a temperature-frequency ?̅?𝐸  map as shown in Figure 
4-12(a). This map and later NWR map were generated by 2D data interpolation with 
OriginLab2019b. In this map, red represents a high ?̅?𝐸 and blue represents a low ?̅?𝐸. If we 
define severe wear as ?̅?𝐸>0.7 and mild wear as ?̅?𝐸 < 0.5, the wear map can be divided into 
4 zones: A as high friction zone, C as low friction zone , and B,D the two moderate friction 
zone as transition. The boundaries are more clearly illustrated by expanding the map near 
transition region as shown in Figure 4-12 (b). As discussed before, the transition zone B is 
caused by formation of glaze layer during the test duration, and the transition zone D is 
likely to be resulted from enhanced adhesive wear at high frequency. This ?̅?𝐸 map also 
suggests that with a further increase of frequency, high friction zone ( or high µE ) may re-
occur at higher temperatures beyond 400°C.   
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Figure 4-12 Steady-state E-COF map of 310S/310S cylinder-on-flat fretting system: 
a) complete map; b) map focused on the 200°C to 400°C temperature regime with ?̅?𝑬 
< 0.5 and ?̅?𝑬  > 0.7 used to define the boundaries between A, B, C and D zone, 
respectively. 
Similar to ?̅?𝐸, the NWR decreases from 200°C to 300°C at all four frequencies tested.  The 
portion of Figure 4-10 (a) that covers this temperature range is enlarged and presented in 
Figure 4-13(a).  From 1Hz to 10Hz, the NWR shifts to right (i.e., higher temperatures). 
Since higher temperatures promote faster glaze layer formation kinetics, those shifts 
suggest that increasing the frequency may be detrimental for glaze layer formation or 
retention. This detrimental effect may come from the two aspect. Firstly, the interpass time 
between asperities at the interface per cycle is shorter, and thus increases the number of 
cycles needed to achieve a certain sintering time to form the glaze layer. Moreover, the 
higher frequency may inhibit the gathering and retention of oxides or oxidized debris that 
is essential for glaze layer formation. However, this negative effect gradually attenuates 
with increasing of frequency, and eventually reverses this trend at 50Hz. It is hypothesized 
that the detrimental effect of frequency has been gradually overcame by its beneficial effect, 
increasing the temperature rise at the contact interface. To estimate the temperature-rise 
effect, the same NWR data were re-plotted with the average temperature near the interface 
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measured by a thermocouple that was spot welded near the contact area, TTC.  The results 
are presented in Figure 4-13(b). While the TTC is expected to be lower than the real contact 
temperature, it can be treated as a temperature rise indicator, as high temperature rise at 
contact surface can lead to high TTC, assuming same thermal conductivity properties of the 
contact interfaces. In general, TTC is higher than environmental temperature at various 
degrees, with larger temperature difference at higher frequency, which is expected from 
the temperature rise calculation in the frequency-baseline section. On the other hand, the 
shift of TTC at each frequency to achieve the same NWR, ΔTf , is roughly proportional to 
the reciprocal of the frequency, which supports the previous discussion that the detrimental 
effect of frequency in the severe-to-mild wear transition comes from its influence of time 
(either interpass time per cycle or total time). 
 
Figure 4-13 a) Environmental temperature-dependence of NWR at various 
frequency; b) average thermocouple temperature dependence of NWR at various 
temperature.  
Moreover, the frequency-dependence of the NWR is also related to temperature. In Figure 
4-14, the same transition zone data reported in Figure 4-13(a) are reorganized to show the 
frequency’s influence on NWR at various temperature. The data points fall in the same 
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temperature category has ±5°C variance in the temperature due to the nature of the 
temperature control of our furnace. However, the environmental temperature variation 
during each test is very stable with variance less than  ±1°C. In general, the NWR decreases 
with increase of temperature as a result of glaze layer formation. At 200°C and 225°C, 
increasing of frequency leads to a reduction in NWR. This temperature is considered close 
to the starting temperature of the transition zone in severe-to-mild wear transition for all 
frequencies.  A similar trend has been reported in several other material system and test 
configurations at low temperatures where abrasive wear is the dominant wear mechanism 
[58–60]. It has been argued that increasing frequency will reduce the interpass time per 
cycle, which reduces the time that oxygen can interact with the wear debris and form 
oxidized debris that are usually harder than the substrate [60,99]. At 250°C, however, 
increasing test frequency from 1Hz to 10Hz increases NWR by three times, and then NWR 
slightly decreases with increase of frequency from 10Hz to 50Hz.  The trend of increasing 
NWR with increasing of frequency from 1Hz to 10Hz is also observed at 270°C, but a more 
significant drop in NWR is achieved when increasing frequency from 10Hz to 50Hz.  At 
300°C, the influence of frequency to NWR is minimal and the NWRs for all frequencies 
are all close to zero, suggesting that they all fall in the mild wear glaze layer protection 
region on the wear map. Based on the previous discussion on the temperature rise at the 
contact during the test, fretting-induced temperature rise for frequencies lower than 10Hz 
for the current set-up is lower than 5°C, and thus the change of trend from 200°C to 300°C 
in the 1-10Hz frequency range is more likely to be associated to a change of glaze layer 
formation kinetics that is governed by temperature. This result suggests that the frequency-
dependence of NWR is temperature dependent.  
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Figure 4-14 Frequency-dependence of NWR at various environmental temperature. 
The net wear rate (NWR) is plotted in a wear map format in Figure 4-15(a), which presents 
the temperature-frequency wear map generated for 310S/310S cylinder-on-flat fretting 
system. In this map, the NWR is scaled from red to blue, where red represents the high 
wear rate that is associated with severe wear, and blue represents the low wear rate that is 
associated with mild wear. Contour lines representing 80% and 20% of the maximum 
NWR, specifically, -0.17mm3N-1mm-1 and -0.02 mm3N-1mm-1, respectively, are 
highlighted to denote the severe and mild wear regions on the map. It worth noting that 
those two highlighted contours are not equivalent to wear mechanism boundaries seen in 
Figure 4-2 (a). In the baseline-temperature tests ( Figure 4-2 (a)) as well as other research 
work on severe-to-mild wear transition[36,98], the starting temperature of the transition 
zone is defined by the maximum NWR, and thus the boundary where wear mechanism 
changes from severe wear to transition zone should be a curve that connects conditions 
when the local maximum NWR is achieved. This definition is convenient because the 
relationship between the determinant factor (temperature, frequency, etc.) and NWR is 
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monotonic in each of the zones. In our case, the maximum NWR for all frequencies were 
captured at around 200°C, which makes the boundary that separates severe wear and 
severe-to-mild wear transition zone a straight line at T = 200°C. Resolution improvement 
for this boundary is needed; however, it will still lie in the 80% maximum NWR contour: 
NWR = 0.17mm3N-1mm-1. 
Comparing to the data representation shown in Figure 4-13 and Figure 4-14, the contours 
in the wear map illustrate the conditions where the coupling effect between environmental 
temperature and frequency in correlating to the NWR occur. Any non-vertical and non-
horizontal contour on the map suggests that NWR is determined by both factors, and the 
migration of the curvature change of the contours during migration from high NWR to low 
NWR can suggest different roles of temperature and frequency in severe wear and mild 
wear. To study the coupling effect between the environmental temperature (TE) and 
frequency (f), special attention has been given to the transition zone that occurs between 
200°C and 300°C where most of the curvature change in contour occurs and hence largest 





Figure 4-15 Wear map of 310S/310S at cylinder-on-flat configuration: a) complete 
map; b) details of the map near the transition zone: 200°C-300°C that show different 
mode of synergic effect between environmental temperature and frequency 
In the transition zone presented in Figure 4-15(b), with increasing of frequency, the high 
NWR contour, NWR = -0.17mm3N-1mm-1, curves to the left. This observation suggests 
that at the initial stage of the severe-to-mild wear transition (i.e., when NWR is still 
relatively high), the wear performance for high f and low TE is equivalent to that of low f 
and high TE. It makes sense because high f is associated with high fretting-induced 
temperature rise at the contact surface, which can compensate the low environmental 
temperature and make up a similar contact temperature comparing to the case for low f, 
high TE. As such, this contour suggests that the initial stage of severe-to-mild wear 
transition, NWR is determined by the temperature at the contact surface.  
On the contrary, the low NWR contour, NWR = -0.02mm3N-1mm-1, that goes from ( 1Hz, 
270°C) to (50Hz, 300°C) curves to the right.  Since NWR further to the right of this contour 
is minimal due to rapid glaze layer formation in the early cycles, and the higher TE in this 
temperature range promotes glaze layer formation, it can be inferred that increasing 
frequency is unfavorable in wear control and prevent the finishing of the severe-to-mild 
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wear transition. One possible explanation is that a certain period of time (either time per 
cycle or total fretting time) is necessary to fully sinter the oxide/oxidized debris to form 
the glaze layer. Increasing of frequency reduces the interpass time per cycle, which will be 
detrimental for the growth of the glaze layer. Another possible explanation is that high 
frequency may promote the motion of third body debris[35,60], which prevents the stability 
of embryonic glaze layer from further development. It could then be inferred that at the 
final stage of severe-to-mild wear transition (i.e., NWR has dropped to near its low value), 
NWR is governed by the development of glaze layer or its stability. 
These observations and discussions also bring more insights in understanding the TE-f 
coupling effect in wear performance determination. Clearly, the two effects that high 
frequency promotes: (1) high contact surface temperature and (2) short interpass time per 
cycle, can co-exist and compete with each other. However, their influence in wear can be 
amplified by TE: when TE is not sufficiently high, the additional temperature rise is critical 
for the system to overcome energy barrier to initiate glaze layer formation. At higher TE, it 
is instead the stability of the glaze layer (or its embryonic structures) that determines the 
NWR.  To this end, the coupling effect between TE and f may essentially be the competition 
of the frequency’s beneficial/detrimental effect in wear determination. Depending on the 
stage of the severe-to-mild wear transition, either the beneficial effect or detrimental effect 
of frequency will be more significant, and the stage of severe-to-mild wear transition is 
dominantly controlled by TE. 
4.6 NGL model correlations 
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The test results that fall in the severe-to-mild wear transition zone on the wear map are 
further analyzed to calibrate the NGL model. With sigmoid fitting method, the NGL for each 
testing condition is defined as the cycle at which 99% of the µE drop is reached. The 
identified NGL and its associated testing conditions, TE and f, are used to determine the 
parameters of the NGL model:  the sintering parameter 𝑆𝐺𝐿 and oxidation activation energy 
𝐸𝑎. To perform this analysis, the original 𝑁𝐺𝐿 model in Eq. (2-2) is rewritten as: 
 




where 𝐴 = exp (
𝑆𝐺𝐿
𝛿∗2
) 𝑎𝑛𝑑 𝐵 = (
𝐸𝑎
𝑅
) , 𝛿∗ is the sliding amplitude and R is the Boltzmann 
constant. Both A and B are assumed to be constant, as the sliding amplitude 𝛿∗ measured 
from hysteresis loop of for the transition zone tests are very close to each other (less than 
5% difference), and both 𝑆𝐺𝐿 and 𝐸𝑎 are assumed to be invariant and only depend on the 
materials of the two bodies in contact.  
Figure 4-16(a) presents the fit of Eq. (4-9) to the data with environmental temperature, TE, 
used as T. While data for each frequency all appear to align linearly, there is clearly a shift 
between each frequency. The correlation to Eq. (4-9) is much improved by taking the 
temperature rise during the test into consideration with T = TE + 1.41*ΔTTC as shown in 
Figure 4-16(b). With this correction of the temperature, the R2 value improved from 0.8042 
to 0.9629, suggesting that the average contact temperature should be used in the NGL model. 
The importance of considering the average contact temperature was not specified in the 
original NGL model, though it is possible that for their testing conditions, the temperature 




Figure 4-16 a) Correlation of the NGL model using environmental temperature; b) 
Correlation of NGL model considering temperature rise at the interface 
The parameters A and B determined from the fit using TE, Figure 4-16 (b), are used to 
determine 𝑆𝐺𝐿  and Ea for our system. The sintering parameter 𝑆𝐺𝐿  is calculated to be  
1.05 × 10−11𝑚𝑚2/𝑠, which is six magnitudes smaller than the 𝑆𝐺𝐿 for the Co-Cr alloy 
system (9.5 × 10−5𝑚𝑚2/𝑠) reported in reference [36]. While a lower 𝑆𝐺𝐿 is expected in 
our case because Fe is a more favorable element to form a glaze layer then Co and Cr [39], 
this huge difference needs further investigation. The activation energy 𝐸𝑎 is calculated to 
be 139 kJ/mol. This result is consistent with the activation energy found in the literature 
for static oxidation of most metals which is generally higher than 100 kJ/mol[100]; 
however, it is higher than the Co-Cr alloy system reported in reference [36], which is 37 
kJ/mol, and it is also reported elsewhere that the oxidation activation energy for stainless 
steel during sliding can decrease significantly compared to the static oxidation (19.1 vs 160 
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kJ/mol)[101]. The limited results reported in the literature make it difficult to form any 
clear conclusions at this time. 
The NGL model assumes that the wear only occurs before NGL cycle is reached. To this end, 
it may be possible to estimate the boundaries of severe-to-mild wear transition using the 
NGL model, shown in Figure 4-17: 
• Boundary 1 (B1) is the temperature-frequency contour that represents 𝑁𝐺𝐿 ≥
𝑁𝑡𝑜𝑡𝑎𝑙 = 66𝐾. Locations to the left of this boundary will result in no µE drop and 
thus no sufficiently formed glaze layer by the end of the cycling. This boundary 
may represent the beginning of the severe-to-mild wear transition. 
• Boundary 2 (B2) is the temperature-frequency contour that represents 𝑁𝐺𝐿 ≤
0.1 ∗ 𝑁𝑡𝑜𝑡 = 6.6𝐾. The temperature-frequency combination that locates to the right 
of this boundary will have a considerably small  𝑁𝐺𝐿 comparing to Ntot. At these 
conditions, µE will drop at a very early stage of the test, and the glaze layer will 
pseudo-instantaneously form at the contact interface which results in negligible 




Figure 4-17 Overlapping of severe-to-mild wear transition boundaries predicted by 
NGL model with the obtained wear map 
Since NGL model considers the contact surface temperature instead of TE, the fretting-
induced temperature rise (estimated by 1.65ΔTTC at room temperature) has been subtracted 
in the presented B1 and B2 to be consistent with the experimental-based wear map which 
is based on TE. The location of the B1 and B2 boundary falls in the severe-to-mild wear 
transition zone that was experimentally obtained. More specifically, the B2 boundary is 
closely aligned with the mild wear boundary (NWR = -0.02 mm3N-1mm-1 contour), 
confirming that the fast formation of the glaze layer at initial stage of the test is the major 
mechanism that governs mild wear. The vertical deviation between B2 and mild wear 
boundary at 5Hz and 10Hz may come from underestimation on the temperature-rise in 
contact during NGL model implementation.  The B1 boundary, on the other hand, did not 
exactly capture the beginning of the severe-to-mild wear transition (neither T = 200°C line 
nor NWR = -0.17 mm3N-1mm-1 contour ). Instead, it falls near the NWR = -0.11 mm3N-
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1mm-1 contour where a rapid drop of NWR occurs. This result suggests that the NWR drop 
in the severe-to-mild transition zone occurs before complete glaze layer formation occurs. 
It is possible that a compacted debris bed or embryonic glaze layer is sufficient to reduce 
the net volume loss. In another words, the glaze layer formation marks the rapid NWR drop 
in severe-to-mild wear transition, although this transition can be initiated by pre-glaze layer 
structures. This understanding also explains asynchronous drop for ?̅?𝐸  and NWR over 
temperature observed in Figure 4-2(a) and Figure 4-10. 
4.7 Strategy of constructing and utilizing a wear mechanism map 
Indeed, successful construction of an informatic and applicable wear-mechanism map is 
not a trivial task. The key elements and challenges that need to be considered when 
constructing a wear map includes: 
1) Reasonable amount of trustable experimental results with sufficiently large 
range and reasonably close spacing of independent variables. A high-quality 
data set with clear and repeatable experimental results is critical to construct a 
rigorous wear map. While many of the fretting conditions and environmental 
conditions are continuous, it is impossible to conduct an infinite number of tests. 
To cover all possible wear mechanisms in the desired range of conditions and 
achieve acceptable resolution of wear mechanism boundaries with reasonable 
number of discrete data points, a sophisticated design of experimental methodology 
is essential and extremely important. 
2) Consistency in mechanisms and their boundary determination. This requires a 
suitable choice of wear performance indicator, and a complete characterization of 
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the characteristic features (morphology, chemical composition, etc.) in each wear 
mechanism zone for identification and prediction purpose. Lack of analytical or 
physics-based models to describe the wear mechanism boundaries will result in a 
phenomenological map only, which can have some good insights but not 
quantifiable and thus less appealing to be used for wear prediction. 
3) Probed and clearly stated scope and limitation. While one map is generated in 
one case with specific equipment, material system and contact configuration, it is 
always beneficial to probe possibilities of extending the wear map to other cases, 
or trace the shifts or reshaping in wear map when tuning variables that were kept 
constant in the current wear map. 
The process of constructing a 310S/310S wear map demonstrated in this chapter has been 
a practice to fulfill the first two key elements with the best effort: For Element 1, we 
developed a hierarchical probing DOE that helps to quickly capture the key trends and wear 
mechanisms that cover a large range of temperatures and frequencies, and generated a high 
quality tribological database for 310S/310S that has high repeatability. In addition to the 
experimental effort, we also showed that the NGL model has potential to further minimize 
the number of tests needed. For Element 2, we have standardized the NGL cycle recognition 
using the µE evolution plot with sigmoid fitting and clearly defined the wear map 
boundaries by both NWR contours in the wear map and NGL model.  
For industrial applications, the wear map generated with 310S/310S can assist both in 
materials selection and making test plans for materials screening. For example, if one wants 
to know the temperature that leads to the worst and the best µE or NWR of 310S/310S with 
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other testing conditions kept the same, the test conditions should be selected in the severe-
wear and mild-wear zone, respectively. At 10Hz or below, the worst wear performance is 
expected at about 200°C, and best wear performance is expected at temperature above 
300°C. With more knowledge gained through chemical composition influence in the 
boundary determination of the wear map, the wear performance of a new material 
candidates may be evaluated using 310S as a reference. If glaze layer has been observed at 
the contact interface for a specific material candidate at high temperature, the temperature 
that leads to the severe wear ( i.e. bad wear performance) and mild wear (i.e. good wear 
performance) of the candidate material by a calibrated NGL model:  test at locations on the 
left of B1 boundary to estimate the worst performance, and at location right to the B2 
boundary to estimate the best wear performance. Conducting tests in the different wear 
regimes will help to identify where the boundaries between these regimes are located. 
Other wear maps, including wear maps with the same material but different independent 
variables (displacement amplitude, normal force, etc.), and wear maps with different 
material couples, can be generated following the methodology described in this chapter. A 
comparison between those maps and how the boundaries shift will provide insights on the 
synergic effect between different testing conditions as well as the material's property-
dependent wear mechanism change. The stability of the boundaries obtained in a wear map 
should also be probed by a dynamic testing set-up that cyclically switch between conditions 
that leads to different wear mechanisms, which is an important consideration for 
applications where the working condition.  For example, one could explore the wear 
response under conditions representing the severe wear regime (i.e., low environmental 
temperature) after the material couple previously operated in the mild wear regime (i.e., a 
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stable glaze layer has been formed). Such an effort would be beneficial to correlate the 
wear map, which is generated by tests with fixed test parameters, to the real application of 
the material, where a dynamic change in working conditions (i.e., changes in temperature, 
frequency, displacement amplitude, loading, etc.) is often involved. 
4.8 Conclusions 
1. A severe-to-mild wear transition has been observed in the 310S/310S cylinder-on-
flat fretting system, and glaze layer formation is the primary reason for the 
transition.  
2. A complete strategy of efficiently generating a wear map is proposed and applied 
to generate a temperature-frequency wear map for the 310S/310S cylinder-on-flat 
fretting system.  This map clearly shows the temperature and frequency dependence 
in the severe-to-mild wear transition. Overall, the environmental temperature plays 
the dominant role in wear performance determination, and the role of frequency is 
significant in the severe-to-mild wear transition. In the transition zone, a coupled 
effect between environmental temperature and frequency has been observed and 
associated with the local increase in temperature from a fretting-induced surface 
temperature rise, i.e., Coulomb heating, during wear observed when the frequency 
is high.  
3. The critical cycle for glaze layer formation, NGL, can be experimentally obtained 
by fitting the µE evolution data with a sigmoid function. The fretting-induced 
surface temperature rise should be considered to correctly fit the wear data to the 
NGL model.  A calibrated NGL model can be adopted to estimate the boundaries in 
the severe-to-mild wear transition in wear map.  
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4. Wear maps are powerful tools to visualize wear performance and wear mechanism 
transitions with change of testing conditions. It has great potentials for guiding 
materials selection for industry applications. 
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CHAPTER 5. CHARACTERIZATION OF GLAZE LAYER 
USING COMPUTER VISION ALGORITHMS 
5.1 Introduction 
As presented in previous chapter and reported in many other works [21,28–30,36], it has 
been widely recognized that the development of a glaze layer is the key reason for the 
severe-to-mild wear transition for Fe-, Cr, and Ni-based alloy with increasing temperature. 
To this end, it is critical to understand the nature of the glaze layer to understand its role in 
friction and wear reduction, and make it possible to use this understanding to motivate 
future mechanical design of wear resistant interfaces. 
Since the measured coefficient of friction and wear volume depend on the entire surface in 
contact, knowing the glaze layer distribution within the wear scar is important.  The 
coverage of glaze layer within the contact area needs to be sufficient to achieve the severe-
to-mild transition. In fact, it has been reported that small patches of glaze layer are present 
before the severe-to-mild transition finishes [54]. 
Studying the distribution of the glaze layer within wear scar is indeed a challenging task, 
because the surface height profile itself does not incorporate the chemical or mechanical 
property information that could be used to distinguish the glaze layer. One solution is to 
bring in other characterization techniques that are capable to identify the glaze layer. 
Success of this strategy requests both high-quality alignment and precise identification of 
glaze layer and its boundary.  
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The prior requirement can be easily fulfilled if the multiple spectrums are collected by one 
characterization tool, as such the signals are by nature perfectly aligned. In 1997, Jiang et 
al. [102] built an adapted 3-dimensional contact profiler that measures contact resistance 
between the sample surface and the metal stylus simultaneously during scanning of surface 
profile. Because the glaze layer has high concentration of oxide and thus high electrical 
resistance, the glaze layer region can be recognized by its high electrical resistance. By 
comparing the glaze layer coverage to the tribological test results at various temperatures, 
the authors found that the critical projected coverage of glaze layer upon finishing of 
severe-to-mild wear transition is less than 50%, and the glaze layer formation is preferable 
in the central area of the wear scar. However, the resolution of this set up (about 130µm) 
is too low to precisely detect boundary of glaze layer. Like most contact mode surface 
profilers, this method has a physical limitation on the resolution by the tip size and the 
density of the scanning trace mesh. In addition, it is challenging for this method to 
differentiate between non-glaze oxide layer (i.e., static oxide layer) formed at extreme 
temperatures and the glaze layer itself. Therefore, this work did not lead to meaningful 
conclusion for height distribution of glaze layer.  
In fact, the second requirement of precisely identifying the glaze layer and its boundary is 
not a trivial task. In much of the literature, the glaze layer identification is purely based on 
a descriptive criteria such as “shiny, smooth, highly oxidized, compacted, superficial layer” 
as defined when the concept was first coined [24]. Because quantitative description of glaze 
layer is missing, glaze layer identification for most studies [25,26,28,35,75,103,104] have 
been purely qualitative. This limitation further leads to the difficulty of effectively defining 
the boundary of the glaze layer. It is not a big issue for local probing type of research that 
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only examine a small portion within glaze layer under high magnification observation, but 
it matters when it comes to large scale statistical analysis on glaze layer, for example, the 
distribution of glaze layer.   
Herein, we aim to address the challenge of studying the distribution of glaze layer with a 
novel strategy that meets both alignment and resolution requirements. For alignment, 
instead of seeking equipment that can do-it-all, we take advantages of several individual 
characterization tools, each of which captures some aspect of glaze layer’s characteristics, 
and align the resulting images from each tool by computer vision principles. With help of 
Vickers hardness indentation markers as fiducial points, good alignment has been achieved 
with sub-pixel error. This methodology can be used to integrate as many surface mapping 
spectrums as necessary (e.g., optical microscopy (OM), scanning electron microscopy 
(SEM), 3D optical profilers, nano-hardness map, etc.). For precise glaze layer 
identification, we proposed a novel quantitative criterion based on OM images of wear 
scars with a specific lighting mode. Optical microscopy is a rapid, easily accessible and 
cost-effective equipment for worn surface characterization. It can achieve high resolution 
in large range of magnification, which makes it feasible to characterize wear scars from a 
wide variety of contact configuration and test conditions. The proposed criteria are tested 
and validated by comparing to SEM images.  
This chapter will start with introducing basic computer vision concepts used in this work 
that may be unfamiliar to the wear community. Section 5.3 will briefly review the 
temperature-base line test in Section 4.2, which we used to further characterize in this work. 
In Section 5.4, the role and specific settings of three characterization tools, namely, OM, 
SEM, and optical profilometer, will be described.  Their resulting images are aligned for 
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integration of the information and glaze layer identification. After glaze layer regions are 
segmented, the distribution of glaze layer within wear scar as a function of environmental 
temperature is discussed in two perspectives: projected glaze coverage from top-view, and 
height variation of glaze layer from vertical perspective. The results provide evidences that 
the glaze layer is facilitated at relative high location within wear scar, which decreases 
friction and wear by reducing the real contact area during fretting/reciprocating sliding. 
5.2 Background in computer vision 
5.2.1 Homography transition 
A homography transformation describes the geometric relation between two individual 2D 
images of the same planar object [105]. It is a common technique used in the field of 
computer vision.  Considering two images that are taken by two different cameras of one 
planar object, a point on image 1 with coordinate (𝑥1, 𝑦1) and a point on image 2 (𝑥2, 𝑦2) 












where 𝐻𝑡 is a 3 by 3 matrix that defines the homography transformation. Although 𝐻𝑡 has 
9 elements in total, it has only 8 degrees of freedom to enforce the constraint that the third 
element of the resulted vector is always 1. Given the property that a homography 
transformation has 8 degrees of freedom, we can compute the homography transformation 
between an image pair with a minimal four pairs of known (𝑥1, 𝑦1)  and (𝑥2, 𝑦2)  that 
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correspond to the four physical points, i.e., fiducial points, on the same plane [105]. More 
pairs of fiducial points are desired to reduce stocastic error when calculating the 𝐻𝑡 matrix. 
In such over-constrained situation where more than four pairs of matched points are 
provided, an optimal solution of 𝐻𝑡 can be calculated with least square method. 
 
Figure 5-1 A pair of corridor floor image  with different perspective from 
reference[105]: a) view perspective is about parallel to the floor tile; b) view 
perspective is perpendicular to the floor tile. The two images are related via 
homography transformation, and the four highlighted corners of a floor tile set can 
be used to compute the homography 
Figure 5-1[105] presents an example of homography transformation. The ground plane, 
represented by the highlighted rectangular, distorted due to different perspective of view. 
A homography transformation representing the distortion can be computed using the four 
point-pairs marked for the same physical locations as highlighted corner points. 
Once the homography matrix 𝐻𝑡 is calculated, it can be used to find any corresponding 
point from one image to another, and the image 2 can be transformed to image 2’ that is 
aligned with the reference image, image 1. 
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5.2.2 HSV colour space and its separation 
HSV (Hue, Saturation, Value) is an alternative representation of more commonly used 
RGB (Red, Green Blue) color space. It describes all colors in a cylindrical geometry:  Hue 
(H) is the angular dimensions, representing the true color in a circle (0°- red, 120°- green, 
240°- blue and 360° back to red); Saturation (S) is the distance to the central vertical axis, 
and it represents the amount of color presented in percentage of pure color (full saturation);  
Value (V) is the central vertical axis that corresponds to the intensity scaling, or brightness. 
Both V and S are in the interval [0,1]. H is in the interval [0°, 360°][106]. An example of 
an image after HSV separation can be founded in Figure 5-2.  
 
Figure 5-2 Example of conducting HSV color space separation for a photograph of 
flowers: a) Original image; b) H channel; c) S channel; d) V channel. H channel are 
colored to better illustrate the color(S=V=1). 
5.3 Methodology 
5.3.1 Dataset preparation 
The characterization data set were collected with the temperature-baseline tests presented 
in Section 4.2. Specifically, Samples after 250°C, 280°C, 300°C, 400°C, 500°C, 600°C, 
and 700°C fretting test were used to study the differences in the glaze layer characteristics 
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with temperature. After the tests, loose debris were cleaned in alcohol using an ultrasonic 
bath. For each pair of pins and plates, a 2.5mm section was randomly selected along the 
total 13mm contact length of the wear scar.  Fiducial markers were made with a Vickers 
hardness tester (Mitutoyo HM-200, Tokyo, Japan).  The fiducial markers were placed in 
an unworn area near the selected section of wear scar on plates, and they were used as 
reference for the homography transformation to align images acquired from different 
methods. To achieve the preferred marker size (50-100µm in diagonal for current set up), 
0.5-1kgf load was chosen based on hardness of the samples.  Redundant markers were 
applied for convenience of later point matching steps. To minimize error of 𝐻𝑡 calculation, 
it is ideal to spread markers over the four corners of the rectangular view of aligned image.  
5.3.1.1 Optical microscope (OM) images 
Optical microscope images were taken with Leica DVM6 (Wetzlar, Germany) in Z-stack 
mode that overlap focused images with height variance. 20% intensity of Coaxial 
illumination (CXI) and 10% intensity of Ring Lightning (RL) mode were used together for 
lightening at full aperture to highlight glaze layer and its boundaries in OM images. 
Schematics of the different lighting modes and their resulting OM images of the same wear 
scar can be found in Figure 5-3. Among the two lighting sources, CXI is the more critical 
one providing a strong, concentrated and vertical incident light. As shown in Figure 5-3(b), 
the glaze layer will stand out with strong reflection due to its flat and smooth surface 
morphology. At the same time, the boundary of the glaze layer patches will be clearly 
outlined. The RL lighting mode, on the other hand, involves a ring of lighting source and 
the incident light is slightly divergent. As a common lighting mode that is available in most 
OM equipment, RL mode by itself (Figure 5-3(a)) doesn’t highlight glaze layer as good as 
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CXI. However, the additional RL light to the CXI mode (Figure 5-3(c)) can help to enhance 
the reflectiveness of the wear trace on glaze layer, and thus improve the accuracy of glaze 
layer detection. The circled area in Figure 5-3(b) and Figure 5-3(c) serves as a 
demonstration of such improvement.  
All OM images used in this work were taken at the same white balance, lighting intensity 
and saturation so that any color and brightness difference between images are only caused 
by the surface characteristics of the wear scar, not the OM settings.   
 
Figure 5-3 Schematic of different lighting mode and their resulting OM image at the 
same view of wear scar after 500°C test:  a) with ring lighting (RL) mode, 60% 
intensity; b) with coaxial illumination (CXI)  mode, 20% intensity; c) with combined 
CXI ( 20% intensity) and RL lighting mode(10% intensity). The three OM images 
share the same scale bar 
5.3.1.2 SEM images 
SEM images were acquired using the Hitachi SU-8230 (Tokyo, Japan) with cold field 
emission gun in either secondary electron (SE) or backscatter electron (BSE) modes using 
20KeV and 20mA. The SE signal is sensitive to surface morphology, where darker regions 
represent smooth surfaces. In contrast the BSE signal highlights the elemental component 
information, where features with lighter elements appear darker in the BSE images.  Since 
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the glaze layer is a smooth and highly oxidized layer, it is expected to appear dark in both 
SE and BSE images.  
5.3.1.3 Height maps 
The optical profilometer used in this work, Zygo Zegage 3D optical profilometer 
(Middlefield, CT, USA), is a non-contact surface profiler based on the principle of two-
beam interferometry [107]. The output of the optical profilometer is a height map of the 
surface profile scanned. Since 10X lens and 1X zoom was the only option available with 
our instrument, stitching mode (20% overlap) was used to cover a 3486m X 2882m 
rectangular area for all specimens.  This rectangular area covers a selected region of wear 
scar, fiducial markers, and part of the surrounding unworn surface on both sides of the wear 
scar in the reciprocating direction.  Using the Zygo software Mx (version 7.5.0.1), the 
average height of unworn surface is defined as the reference (i.e., denoted as zero height) 
to correct the tilt of the specimen and/or the scanning platform, and the scan voids are filled 
by data interpolation. The lateral resolution (defined as the minimal distinguishable height 
difference between neighboring camera pixels) of the Zygo is 0.815μm.  
5.3.2 Image alignment workflow 
The general idea of image alignment is to calculate a ground truth homography 
transformation matrix 𝐻𝑡 , and then apply this matrix 𝐻𝑡  to align an image with the 
reference image. This process is achieved using a home-built Python script with OpenCV 
library. As an illustrative example, OM-height map alignment for a plate tested at 280◦C is 
used to demonstrate the workflow. The original height map and OM image is shown in 
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Figure 5-4(a) and (b), respectively.  The height map is colored by assigning overall 
maximum height in red and minimum height in blue of the scanned area. 
Before starting the process, the reference image is selected. In this work, the height map is 
chosen as reference image and therefore, the OM image is aligned to the height map. This 
arrangement is made for two reasons: Firstly, it can unify magnification of all OM images. 
The magnification of the profilometer is fixed, while the OM images could be acquired at 
various magnifications to compensate for width variations in the wear scar to achieve the 
best resolution. Secondly, the height map is a tilt-corrected image using the software of the 
optical profiler. Consequently, using the height maps as alignment reference can correct all 
OM images to the same tilt removed perspective. 
The first step of image alignment is to calculate the 𝐻𝑡 matrix. For this purpose, more than 
8 pairs of fiducial points, i.e., the center of Vickers indentation scars, were matched 
between the two images, Figure 5-4(a) and Figure 5-4(b). To improve labeling accuracy of 
this step, the pre-selected areas in the height map and OM image that contain each pair of 
indentation scars are magnified, and the pre-selected area of the height map is temporarily 
re-colored to enhance image contrast to assist in center identification of the indentation 
scars. Figure 5-4(c) and (d) demonstrate one pair of such magnified area of the original 
height map and the OM image as the dashed blocks marked in Figure 5-4(a) and (b). The 
center of the red crosses is the labeled fiducial point that represent the center of the same 




Figure 5-4 Outcome images of image alignment workflow demonstrated with images 
of 280C plate: (a) Original height map; (b) Original OM; (c) magnified and recolored 
marker area in height map; d) magnified marker area in OM;  (e) aligned OM image; 
( f) final height map; (g) final aligned OM . (a) and (e)-(g) share the same scale bar. 
The region selected by white frame in (g) is used for validation of glaze layer 
identification criteria in Section 5.4.2 
Among the eight matched points pairs, the majority (6 or more pairs) were used to calculate 
a tentative homography transformation matrix 𝐻𝑖, while the remaining pairs are used to 
estimate the error of this 𝐻𝑖  matrix. If the error is less than 1 pixel, this 𝐻𝑖  matrix is 
finalized as the ground truth matrix 𝐻𝑡; otherwise, the manual matching process is repeated 
until sub-pixel error is obtained.  
Afterwards, the 𝐻𝑡 matrix is applied to the OM image to align it with the height map. After 
alignment, the aligned OM image and the height map share a same dimension and same 
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pixel resolution (up to 0.73μm). In this example and many other cases where the 
magnification of the original OM image is higher than that of the height map, a 
compensated blank area will appear at the edges of the aligned OM image (e.g., Figure 
5-4(e)). A subsequent edge trimming is applied to the aligned images to remove the blank 
areas. The final output height map and OM image pair is shown in Figure 5-4(f) and Figure 
5-4(g).  
5.4 Quantitative H-V criterion for glaze layer identification 
5.4.1 Glaze layer identification with H-V criterion 
In this work, we proposed a new and quantitative criterion, called the H-V criterion, to 
segment the glaze layer portion from the general wear scar area in an OM image. Using 
this criterion, we can identify glaze layer with the fewest sample preparation steps and a 
single tool, optical microscope.  
An example of this glaze layer identification workflow in given in Figure 5-5.  As discussed 
earlier, the glaze layer and its boundaries can be highlighted by CXI lighting mode with 
high brightness due to its smooth surface morphology. The glaze layer portion always 
appears a blue-green color under our optical microscope. The color characteristics were 
found to be independent of test temperature, which will be discussed later in the results 
section.  Furthermore, the brightness and color information can be extracted from an image 
using its Value (V) and Hue (H) channels, respectively, after conducting the HSV 
separation. Therefore, the two characteristics of a glaze layer, color and brightness (or 
reflectiveness) under optical microscope observation, can be quantitatively translated to 
two requirements to form the H-V criterion:   
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H-requirement: its color should fall in a hue range from 𝐻𝑚𝑖𝑛 to 𝐻𝑚𝑎𝑥; 
V-requirement: its brightness should be no smaller than a minimum 𝑉 value, 𝑉𝑚𝑖𝑛. 
A pixel 𝑖  with (𝐻𝑖 , 𝑉𝑖 ) hue and value is labeled as glaze layer only if both H and V 
requirements are met, i.e. 
 
{
𝐻𝑚𝑎𝑥 ≥ 𝐻𝑖 ≥ 𝐻𝑚𝑖𝑛
𝑉𝑖 ≥ 𝑉𝑚𝑖𝑛
 (5-2) 
The three parameters: 𝑉𝑚𝑖𝑛, 𝐻𝑚𝑖𝑛 and 𝐻𝑚𝑎𝑥 are adjusted to correctly label the glaze layer 
that has been recognized during SEM observation for calibration. Additional discussion of 
turning these parameters using SEM image as a reference can be found in Section 5.4.2. In 
this specific example, the values of these parameters are: 𝑉𝑚𝑖𝑛 = 0.35, 𝐻𝑚𝑖𝑛 = 56, 𝐻𝑚𝑎𝑥 = 
169. The filtered result for H or V requirement is a binary mask, called the H mask or V 
mask. Every pixel that meets the criteria, Eq. (5-2), is labeled as ‘1’, or white, in the binary 
mask image; otherwise, the pixel is ‘0’ or black. Boolean intersection operation is then 
applied to the H and V mask image to find the locations where pixels meet both 
requirements, and those pixels are labeled as glaze layer. The binary image made up by the 
glaze layer pixels are called a raw glaze layer mask. In practice, wear traces on top of glaze 
layer that are parallel to the sliding direction can be misjudged as “non-glaze layer” using 
this algorithm due to its low reflectiveness. This error is reduced by adding a small portion 
of RL lightning to enhance the reflectiveness, and by applying opening/closing operation 
[108] to fill the remaining uncaptured traces on glaze layer. As the final output, the output 
glaze layer mask is saved. 
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Figure 5-5 Glaze layer identification workflow for an OM image acquired from a 
plate that experienced fretting at 280°C. All images share the same scale bar 
Since no spatial transformation was applied in this workflow, the input and output image 
(and all other intermediate images) are by nature of the same dimension and perfectly 
aligned with each other. Furthermore, if the input OM image has been pre-aligned with its 
pairing height map, the resulting binary mask will be aligned with the height map as well. 
This way the height information of wear scar is fused with the glaze layer mask, which 
enables statistical analysis of height distribution on the glaze layer and non-glaze layer 
individually.  
5.4.2 Application and evaluation of H-V criterion 
To verify the feasibility of proposed H-V criterion and get its optimized parameters 𝐻𝑚𝑖𝑛, 
𝐻𝑚𝑎𝑥 , 𝑉𝑚𝑖𝑛 , SE and BSE SEM images were used to compare with the glaze layer 
identification obtained from the OM image. As an example, Figure 5-6 demonstrates the 
validation process for the plate tested at 280°C. Due to the limitation of the minimum 
magnification of our SEM, a small portion of the wear area was used for the validation. To 
have an intuitive judgment on the accuracy of glaze layer identification, the SE SEM image 
is overlaid with the glaze layer identified from the OM image (shadowed in red) in Figure 
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5-6 (g). This overlay is achieved by aligning the OM image to the SE SEM image (Figure 
5-6(f)) following the workflow introduced in Section 5.3.2, and applying the H-V criterion 
on the aligned OM image (Figure 5-6(a)). The only difference is that there is no Vickers 
indentation fiducial mark within the field of observation. In this special case, local 
characteristics, such as small islands, sharp corners, etc., are chosen as fiducial points for 
alignment. The identified glaze layer portion, highlighted in red in Figure 5-6(g), shows 
good agreement with the glaze layer confirmed by the SEM image, and confirmed that H-
V criterion worked very well in precisely identifying glaze layer and its boundary.  
In this example, we also noticed a special area, identified as “shiny spot” in the view of 
observation. As indicated in the V-channel image of OM (Figure 5-6(b)), this area has high 
brightness, and the brightness of its center is even higher than that of a general glaze layer. 
However, the shiny spot area is judged as non-glaze layer because it fails the H requirement. 
This judgment made by the H-V criterion is supported by SEM observations. In the SE 
SEM image (Figure 5-6(f)), the shiny spot area has similar gray level to that of glaze layer, 
meaning its morphology is relatively flat (and thus has high V value in OM image). 
However, its BSE SEM image is much brighter comparing to that of glaze layer area, 
indicating the elements in the shiny spot are heavier, and thus contains a reduced oxygen 
component. This observation is further confirmed by point EDX analysis (20keV, 20mA). 
Three locations were examined, one in the glaze layer, one in the shiny spot, and one in the 
reference area outside of wear scar. The average weight percentage of major elements and 
their standard deviations are summarized in Table 5-1 Point EDX analysis on major 
element in glaze layer, shiny spot and reference area, all results are in wt%. Comparing to 
the glaze layer area, the oxygen detected in the shiny spot area is one magnitude smaller. 
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The chemical composition in shiny spot area is very close to the reference area where a 
static oxide layer was formed. Moreover, the color of the shiny spot in the OM image is 
also similar to that of the unworn area. In fact, such high brightness shiny spot has been 
observed at other temperature. The specific color of the shiny spot in the OM images varies 
at different testing temperature, either similar to the reference area or to the color of 
stainless steel that was tempered at slightly lower temperature. It is then hypothesized that 
the shiny spot area may be a thin static oxide layer formed at freshly exposed surface near 
the end of the test or during the cooling period right after the test finished. The flatness of 
this area may be caused by surface rubbing as implied by the observed wear trace along 
reciprocating sliding direction on top of it. Therefore, the shiny spot should be excluded 
from the glaze layer category. 
 
Figure 5-6 Demonstration of identifying glaze layer with OM image with reference of 
SEM, OM is pre-aligned to SE SEM: a) OM image; b) Value channel of OM; c) Hue 
channel of OM; d) BSE  SEM image; f) SE SEM image; g) SE SEM overlaid with 




Table 5-1 Point EDX analysis on major element in glaze layer, shiny spot and 





To summarize, the comparison of independent identifications of the glaze layer between 
OM and SEM images suggests that the H-V criterion works well, and neither of its two 
requirements, H-requirement or V requirement, is redundant.  
It is worth noting that the specific number for brightness and color of an OM image can be 
greatly influenced by light intensity and OM camera setting, especially the white balance 
setting. In this study, all lighting and camera settings were fixed. Calibration will be needed 
to compare results taken by different optical microscopes and cameras. Figure 5-7 shows 
the three parameters used to analyze the OM images of samples tested at different 
temperatures. The reference color and brightness at each H and V value are provided along 
the side axes. Interestingly, the H value of the glaze layer area always ranges from about 
60°-180°, which falls in the green spectrum, regardless of the testing temperature. 
Nevertheless, the average H value for glaze layer area is very stable (around 106°) across 
all testing temperatures. Similarly, 𝑉𝑚𝑖𝑛 for all samples is about 0.33. The fact that the 
glaze layer hue always falls in a certain range of color may not be coincident. Considering 
the thin film interference theory, it may imply that glaze layer formed at the given testing 
Major Elements  Glaze layer Shinny spot Reference 
O 22.2 ± 3.0 1.4 ± 0.3 2.0 ± 1.0 
Cr 20.4 ± 1.0 26.7 ± 0.2 25.5 ± 0.2 
Fe 41.4 ± 1.7 52.1 ± 0.3 50.0 ± 2.1 
Ni 14.6 ± 0.3 18.7 ± 0.3 18.2 ± 0.7 
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condition has a certain similar thickness or composition that is independent of temperature. 
These hypotheses need to be tested by a quantitative study on glaze layer thickness, and 
additional analysis on wear scars of other materials whose glaze layer have different 
chemical composition. 
 
Figure 5-7 Hue range (Lower end =Hmin, upper end = Hmax ) and Vmin parameter used 
to identify glaze layer at each testing temperature, overlapped with average Hue value 
of glaze layer area(Havg) 
5.5 Distribution of glaze layer and its temperature dependence 
5.5.1 Height distribution of glaze layer at different temperature 
Having completed the alignment of the height map, OM image and its glaze layer 
identification mask, every pixel in the height map is labeled as either “glaze layer” or “non-
glaze layer”.  The height information of glaze layer and non-glaze layer can now be easily 
extracted and studied from a statistical prospective.  
Figure 5-8 summarizes the typical height distribution of glaze layer and non-glaze layer at 
different stages both during the severe-to-mild wear transition and after transition in 50 
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bins histograms.  The locations of the data subsets used in each histogram are identified by 
the white or black squares overlayed on corresponding OM images and height maps, 
respectively. 
 
Figure 5-8 Histogram of height for glaze layer and non-glaze layer area and their 
fitted Gaussian distribution curve at 280°C, 300°C, 500°C and 700°C. The overlayed 
square in height map and OM represented the sampling location of the data subsets 
for each sample. Typical build-ups at the edge of wear scar are circled in dashed line. 
All OM images and height maps share the same scale bar. 
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The histograms are further quantified by conducting Gaussian distribution fitting using 
non-linear least squares regression 
 




Intuitively, the three fitting parameters A, Μ and Σ control the peak height, symmetric 
center, and the width of the Gaussian distribution curve. The fitted curves are shown in 
bold in Figure 5-8. The mean (µ) height for glaze layer and non-glaze layer for each data 
subsets are given in Table 5-2. For all temperatures, the average height of glaze layer is 
always higher than that of the non-glaze layer. From 280°C to 500°C, the height difference 
of the glaze layer is more significant with increasing of temperature. The increasing of area 
under the Gaussian fitted curve implies that the glaze layer coverage also increases with 
temperature rise.  With temperature increasing, the Gaussian curve for both glaze and non-
glaze layers gets narrower. This result indicates that the wear scar is shallower with less 
height variation as the result of glaze layer protection, even though the total net volume 
does not vary much beyond 300°C when the severe-to-mild transition is finished. At the 
extreme temperatures (600°C and 700°C), however, a large variation in height for the glaze 
layer is observed, and it may be a result of severe plastic deformation and local welding at 
those temperature.  
To determine if the height difference between the glaze and non-glaze layers is statistically 
significant, a one-tailed unequal variance t-test (Welch's t-test) was conducted. The 
hypotheses are: 
H0 : the mean height of glaze and non-glaze layer are the same.  
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H1: the mean height of glaze layer is higher than that of non-glaze layer. 
The unequal variance t-test results are summarized in Table 5-2. For all temperatures, the 
null hypothesis is rejected by the low p values, which suggests that the height difference 
between the glaze and non-glaze layers within wear scar is statistically significant with 
99.9% or higher confidence.  
Table 5-2 Mean value and  hypothesis test results for height distribution of glaze and 
non-glaze layer at each temperature 
Sample μ glaze (μm)  μ non_glaze (μm) t value p value 
280C_plate -1.722 -6.530 -95.3395 <0.001 
300C_plate 0.797 -5.203 -140.693 <0.001 
400C_plate 4.749 -3.583 -188.358 <0.001 
500C_plate 3.015 -1.698 -109.091 <0.001 
600C_plate -1.753 -2.252 -6.48722 <0.001 
700C_plate 4.483 3.400 -13.3717 <0.001 
 
Considering the maximum and minimal height within each wear scar, we noticed that the 
overall minimal height location (i.e., valley) is always occupied by a non-glaze layer. The 
overall highest location, on the other hand, may still contain other features that are not 
associated with the glaze layer.  For example, the maximum height for 280°C plate, circled 
in the OM and height maps in Figure 5-8, occurs at the edge of the wear scar resulting from 
plastic deformation. But locally the glaze layer will always cover the local high locations 
particularly if the sampling zone is well within the wear scar. The observation that the glaze 
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layer always occupies higher locations within wear scar is probably a result from its tribo-
sintering formation mechanism [109–111]. Sintering depends on sufficient temperature 
and pressure. Wear debris located at a relatively high position has a better chance to be in 
contact and hence bearing load which drives the sintering process. At the same time, being 
at a relatively high location may also result in a reduction of the real contact area, which is 
beneficial for friction and wear reduction for hard bodies like metals. At temperatures 
above 500°C, while glaze layer formation occurs rapidly upon contact, the severe plastic 
deformation can lead to larger variation in relative height, which leads to the spreading of 
glaze layer at all height levels of wear scar.   
5.5.2 Temperature dependence on the coverage of glaze layer 
The projected glaze layer coverage 𝐶𝑝 is given by [102]: 
 
𝐶𝑝 =  
𝐴𝑟𝑒𝑎 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑔𝑙𝑎𝑧𝑒 𝑙𝑎𝑦𝑒𝑟 
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑤𝑒𝑎𝑟 𝑠𝑐𝑎𝑟
 (5-4) 
Since all images are aligned to the height map that has a constant magnification and 
identical pixel resolution, Eq. (5-4) is equivalent to 







where 𝑛𝑡𝑜𝑡 is the total number of pixels in a selected wear scar area that covers wear scar 
region; 𝑛𝑔𝑙𝑎𝑧𝑒 and 𝑛𝑛𝑜𝑛−𝑔𝑙𝑎𝑧𝑒 are the number of pixels labeled as glaze layer or non-glaze 
layer in the selected area. The glaze layer coverage for both pin and plate from 250°C to 
700°C are shown in Figure 5-9. In general, 𝐶𝑝 for the pin and plate at each temperature are 
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very similar to each other, and follow the same trend with increasing temperature. This 
similarity was expected for like bodies due to the identical chemical and mechanical 
properties. Although severe-to-mild wear transition appeared as low as 200°C for the 
number of cycles applied, a glaze layer was not clearly identified until the temperature 
reaches 250°C. The projected glaze layer coverage at 250°C for both the pin and plate is 
less than 5%. It is likely that the reduction in wear at 250°C is mostly attributed to the 
compacted debris bed that is not fully sintered to have the characteristics of a completely 
formed glaze layer [19,112]. Towards the temperature where severe-to-mild wear 
transition is observed by the material response, the projected glaze layer coverage is about 
36%. This observation is consistent with others who reported <50% projected coverage is 
needed to achieve a complete severe-to-mild wear transition [102]. The projected coverage 
of the glaze layer continuously increases with further temperature rise, and reaches about 
75% at the 700°C, the highest test temperature considered in this work. 
 
Figure 5-9 Effect of temperature on net wear rate wear, average ?̅?𝑬 and glaze layer 
coverage on pin and plate. 
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Based on the rate change of 𝐶𝑝  with respect to the temperature (denoted as  𝐶𝑝̅̅ ̅ ) , the 
evolution of glaze layer coverage with increasing temperature for the material and test 
conditions considered can be divided into three stages:  
Stage 1 (T≤300°C): 𝐶𝑝̅̅ ̅   is constant. In other words, 𝐶𝑝  increases linearly with 
temperature increase;  
Stage 2 (300◦C <T≤600°C):  𝐶𝑝̅̅ ̅  increases with rising temperature; 
Stage 3 (T>600°C):  the increasing of  𝐶𝑝̅̅ ̅̅  with temperature slows down comparing to 
Stage 2. 
It is interesting to observe that the three stages of glaze layer coverage evolution with 
temperature is overlays well with the severe-to-mild transition of friction and wear for the 
material couple as shown in Figure 5-9. This observation provides strong evidence that the 
severe-to-mild wear transition is induced by the development of glaze layer. It worth 
emphasizing that the glaze layer coverage determined here is the coverage by 2D projection 
of the whole wear scar (projected coverage, 𝐶𝑝), not the coverage with respect to the real 
contact area (real coverage, 𝐶𝑟 ). The calculation of 𝐶𝑟  is similar to Eq.5-4 except the 
denominator should be replaced by the total area that is in contact. Since the height 
variation within wear scar is one magnitude smaller than the width of wear scar, we ignore 
the curvature-induced difference between projection area and real contact area. Therefore, 
the equation for 𝐶𝑟 can be approximated by: 
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where 𝑛𝑔𝑙𝑎𝑧𝑒_𝑐   and 𝑛𝑛𝑜𝑛_𝑔𝑙𝑎𝑧𝑒_𝑐 represent the number of glaze layer and non-glaze layer 
pixels that are in contact, respectively. From the previous discussion we have already 
identified that the glaze layer is associated with the relatively high locations within the 
wear scar. At the same time, the tribo-sintering mechanism of the glaze layer formation 
also requires that the two bodies are in contact in the glaze layer region, at least at the 
moment of formation. Thus, it can be assumed that most glaze layers are in contact, i.e., 
𝑛𝑔𝑙𝑎𝑧𝑒_𝑐 ≈ 𝑛𝑔𝑙𝑎𝑧𝑒. Non-glaze layer portions, in contrast, will have less possibility to be in 
contact due to its relatively low height. The portion of non-glaze layer area that is lower 
than its nearby glaze layer, especially those that are in the small valleys, may not be in 
contact during the fretting sliding process, which makes 𝑛𝑛𝑜𝑛−𝑔𝑙𝑎𝑧𝑒_𝑐 < 𝑛𝑛𝑜𝑛−𝑔𝑙𝑎𝑧𝑒. As a 
result, 𝐶𝑟  is expected to be higher than 𝐶𝑝  for the same wear scar due to its smaller 
denominator. This explains why the minimum percent of glaze layer coverage upon severe-
to-mild wear transition finishing can be less than 50% in many reported works [54,102], 
including in this work (36%), since all reported work are using 𝐶𝑝. The real coverage 𝐶𝑟is 
expected to be a higher value that is sufficient to alter the overall mechanical properties of 
the contact surfaces. 
On the other hand, the rate difference of glaze layer coverage in the three stages may imply 
a mechanism change of glaze layer formation and/or its retention. It is believed that glaze 
layer is formed by a tribo-sintering of wear debris [27,36,109], and removal of wear debris 
from the interface will result in failure in glaze layer formation [113]. According to Figure 
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5-3(b), the µE quickly dropped at 700°C within the first 2000 cycles, which indicates that 
a sufficient amount of glaze layer has formed at a very early stage of the wear process at 
this temperature. The protection from the initially formed glaze layer can reduce the supply 
of fresh wear debris, which may explain the reduction of 𝐶𝑝̅̅ ̅ beyond 600°C. 
5.6 Evaluation of wear characterization tools for glaze layer identification 
Having done a deep dive on tools for glaze layer characterization and gained experience 
on the characteristics of the glaze layer that can be captured by each tool, an overview of 
the benefits and disadvantages of the various tools can be given to provide a deeper 
thinking on what makes a good criterion for glaze layer identification.  
To better compare the tools used in this and the work of others, it is necessary to set a 
standard for judging different criteria. Clearly, a good set of criteria should be sufficient to 
robustly distinguish a glaze layer from a non-glaze layer. High accuracy of glaze layer 
identification requires that both type I error (mis-identify glaze layer as non-glaze layer; 
i.e., false negative) and type II errors (mis-identify non-glaze as glaze layer; i.e., false 
positive) to be low. In addition to accuracy, the choice of the characterization tools can be 
further optimized to accommodate cost, convenience, availability and redundancy. 
Determination of the glaze layer identification criteria requires deep understanding of not 
only glaze layer, but also the characteristics of the non-glaze layer portion of the wear scar. 
In the current work, the major source for type I error comes from the wear trace on top of 
the glaze layer, and it is well controlled by adding the ring light and applying 
opening/closing operation in image processing. Type II error is more challenging to handle, 
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since some non-glaze layer features share similar characteristics to the glaze layer.  Four 
primary non-glaze layer features have been identified as possible sources of a type II error: 
Unworn:  This feature describes the reference area that is outside of the wear scar. 
While it does not participate in the contact and rubbing between the two bodies, it 
does experience static oxidation process during the test, and will be covered by a 
thin and uniform oxide layer. Unworn surfaces tend to have a smooth surface 
morphology and its height is usually set as reference (zero height plane) to 
normalize height in the profilometer characterization. 
Build-up: This wear feature is found at or outside of wear scar edges that is usually 
highly oxidized and consists of the highest spots of the entire wear region.  This 
feature may result from plastic deformation of the two bodies during reciprocating, 
expelled large wear particles, or spot welded wear debris at extreme temperatures. 
This feature usually has an irregular shape and morphology, but may appear dark 
in SE SEM images either due to charging effect or if it was once in contact with 
and flattened by the other body. Examples of build-ups are circled in the OM and 
height maps in Figure 5-8. 
Embryonic glaze: This feature consists of condensed yet not fully sintered oxide 
or oxidized debris, and can be found near the glaze layer region or before the 
formation of the glaze layer. In an OM image with coaxial illumination lighting 
mode, this region has a similar hue as a glaze layer, but its morphology is usually 
rougher than that of a glaze layer due to incomplete sintering. 
 116 
Shiny spot: This feature refers to a highly reflective region that is mostly found in 
valleys of the wear scar. It may be a freshly exposed surface near the end of the test 
and may also have a statically-formed oxide layer. 
Table 5-3 summarizes the major tools and techniques that have been used or could be used 
to characterize the glaze layer, each of which targets one or more aspect of glaze layer’s 
characteristics. The representation of glaze layer and the four non-glaze layer features are 
listed under each target characteristics. Possible type II error sources are shaded where the 
non-glaze layer features identified in each column has similar characteristics to the glaze 
layer under the same characterization technique. As indicated in this chart, there is always 
one or more type II error sources if only considering a single feature of glaze layer. Thus, 
it is essential that any criterion should depend on two or more characteristics to achieve 
sufficient and robust glaze layer identification. The H-V criterion proposed in this work is 
an effective one because it involves a single, widely available characterization tool, OM, 
with no redundancy. With help of Table 5-3, additional glaze layer identification criteria 
can be conceived by mixing and matching characterization techniques based on tool 





Table 5-3 Summary of existing tools that could be used to characterize glaze layer, 
and the outcome of glaze layer and non-glaze layer feature under those 
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Table 5-3 also illuminates that “type of oxide” and “relative height” are not suitable choices 
to make glaze layer identification criterion. Although the preferred oxide type for glaze 
layer formation has been widely studied [14,27,29,39,47,48], those studies were mostly 
conducted on the pre-identified glaze layer, instead of the other way around utilizing the 
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oxide type information for glaze layer identification. In fact, mapping the type of oxide at 
a sufficient pixel resolution at large scale can be challenging, especially in cases where 
multiple types of oxide co-exist in both the glaze layer and non-glaze layer regions 
(denoted as “various” in the table). Relative height, on the other hand, consist a distribution 
(as illustrated in Figure 5-8) for both glaze layer and non-glaze layer, and does not have a 
clear cut-off value to differentiate glaze layer and non-glaze layer. Thus, the relative height 
is not a suitable quantitative measure for glaze layer identification either. 
5.7 Conclusions 
In this work, we developed strategies that enable multi-spectrum study of wear scars. This 
methodology is applied to study the glaze layer formed on 310S stainless steel after like-
on-like, cylinder-on-flat fretting tests at different temperatures, from 20°C to 700°C. The 
key findings and contributions are summarized as below: 
1. Computer vision concepts have been introduced to the image analysis of worn 
surfaces, and a systematic workflow has been established and demonstrated for 
aligning images captured by various characterization tools with sub-pixel error. In 
this way the characterization results are integrated to cover multiple characteristics 
of wear features.  
2. We proposed a new quantitative criterion, H-V criterion, for glaze layer 
identification based the HSV separation of OM images taken using the CXI lighting 
mode. This method can quickly identify the glaze layer parts of the wear scar in a 
satisfactorily accurate manner using optical microscopy. The parameters used in 
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the H-V criterion are very stable regardless of testing temperature, which may 
imply a constant thickness or composition of glaze layer.  
3. Using the new tools, we studied the height distribution of glaze layer and non-glaze 
layer at various testing temperatures and revealed that the glaze layer always 
occupies relatively high locations within the wear scar. The height difference 
between the glaze layer and non-glaze layer is statistically significant. This 
phenomenon may be explained by the tribo-sintering mechanism theory for glaze 
layer formation. This result also suggests that the glaze layer may reduce friction 
and wear by reducing the real contact area.  
4. The projected coverage of glaze layer on both the pin and plate follow the same 
increasing trend with temperature rise as the two bodies are the same material. The 
projected coverage of glaze layer is observed upon finishing severe-to-mild 
transition is 36%. Three distinct stages of this trend have been discovered and they 
are well aligned with the severe-to-mild transition of the wear behavior of the tested 
material system. This observation suggests that the development of glaze layer and 
its expanding coverage is the key reason for the severe-to-mild wear transition. 
Given that the glaze layer occupies a higher position within the wear scar, the 
coverage of the glaze layer with respect to the real contact area is expected to be 
higher than the projected coverage and high enough to alter the mechanical property 
of the contact interface. 
5. Characterization tools that have been used for glaze layer identification and 
characterization have been compared and evaluated, which enables the conceiving 
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of more customized glaze layer identification criterion based on research goals and 
tool availability.  
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CHAPTER 6. GENERAL CONCLUSIONS AND 
RECOMMENDATIONS 
In this research, complete methodologies and principles for generating an informative wear 
map are proposed and exercised. Experimentally, the number of tests can be reduced with 
a hierarchical probing design of experiments (DOE) that biases the sampling density to 
improve boundary resolution between different wear mechanisms on the wear map. 
Alternatively, the capability of using a recently developed NGL model to predict the 
boundaries theoretically is demonstrated. The fitting result suggests that the temperature 
term involved in the NGL model reflects the temperature at contact location instead of the 
environmental temperature away from the immediate wear interface.  Combining 
experimental work as well as the theoretical, the NGL model can help obtain a useful wear 
map in a cost effective manner and has great potential to be expended for industry use. 
Through a systematic study of the influence of environmental temperature and frequency 
on the wear performance of 310S/310S cylinder-on-flat fretting system, direct 
experimental evidence for the coupling effect between temperature and frequency has been 
obtained, and is clearly reflected in the constructed wear map.  
The newly proposed quantitative criteria, H-V criterion provides fast, robust and accurate 
solution for glaze layer identification. Parameters used in H-V criterion for the current 
material system are very stable regardless of testing temperature, which implies a constant 
composition or thickness of the glaze layer.  
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Additional characteristics of glaze layer can be revealed by aligning images generated from 
multiple characterization techniques with sub-pixel accuracy. The glaze layer has been 
found to always occupy the relatively high location in wear scar, and such location 
preference is statistically significant. This phenomenon may be explained by the tribo-
sintering mechanism theory for glaze layer formation. This result also suggests that the 
glaze layer may reduce friction and wear by reducing the real contact area, in addition to 
its superior hardness and ductility.  
The following are some recommendations to add value and extend the current research: 
1. Additional fretting tests can be conducted to improve the boundary resolution of 
the current wear maps. Additional tests should be focused on the locations where a 
rapid change in curvature and gradient of the NWR contours.  
2. Additional characterizations should be conducted on the worn surfaces of the post-
test samples.  Specifically, XRD and XPS analysis on glaze layer and wear debris 
characterization are desired to identify the type of oxide that construct the glaze 
layer. Additional SEM/EDX characterization is needed for cross-section 
observation of the wear samples, and the thickness variation of glaze layer as a 
function of environmental temperature, frequency, and its influence to NWR needs 
to be addressed. The thickness information is also important to improve 
understanding of the H-V criterion.   
3. The samples that went through temperature-frequency coupling effect should be 
characterized to find more evidence to support or decline current hypothesis 
explaining the coupling effect. More specifically, the possible influence of debris’ 
motion by frequency needs to be addressed.  
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4. A better estimation of temperature rise at the contact interface is needed to be 
merged in the NGL model.  
5. The glaze layer identification workflow should be applied to additional worn 
samples of 310S/310S at other frequencies beside 10Hz to generate a glaze layer 
coverage map. Comparing the glaze layer coverage map to the current wear map 
can further reveal the wear rate determination by glaze layer coverage.   
6. The influence of load, sliding amplitude, chemical composition and their potential 
coupled effect with temperature and frequency in wear response and mechanisms 
should be investigated. Those results can also be used to generate a higher 
dimensional wear map, and further calibrate the NGL model for other wear couples 
targeting high temperature wear applications. 
7. The H-V criterion should be validated using observations of the glaze layer that is 
formed at interface of the other body to further explore the chemical composition 
effect of glaze layer in its color determination.  
8. To improve the image analysis of the pin, or other second body having a curved 
surface, additional mathematical formulations should be used to extend the current 
Homography transformation framework in the image alignment workflow. 
9. The stability of the boundaries obtained in  the current wear map should also be 
probed by a dynamic testing set-up that cyclically switch between conditions that 
leads to different wear mechanisms. Such an effort would be beneficial to correlate 
the wear map to the real application of the material that involves dynamic changes 
in working conditions.   
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